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Although  AGAKD  has  continued  in  Ik  actnv  m  the  carious  (kids  of  ftighi  in  adverse  environmental  conditions  ti  was 
considered  to  Ik  impot  tant  am)  iirocty  in  review  the  subject  tn  a  wider  forum  such  as  a  Symposium. 
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Symposium;  atmttsphe  tic  distuthansvs,  tedueed  visibility.  King,  ami  elect  mmagnctlc  distuthsnccv  AH  four  of  ibex  can 
sctiootly  affect  flight  safely.  comfort, ami  operational  capability. 

the  topic  was  considered  m  Ik  panicolatly  relevant  to  live  need*  of  the  military  community  which  tv  putting  increased 
empltast*  on  the  ability  of  today  '  ami  tomorrow  »  atret afi  to  flv  safely  ami  effectively  in  the  typev  of  adsvtsc  eomlitionv  dealt 
with  in  this  symposium. 
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Symposium. 
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Ctiaeun  de  ces quatre  elements  peui  avoir  dev  repercussion*  importame* sur  la  sccuiite  tic  vol.  le  confoti  du  piloie  el  la 
eapaeitc  operalioimellc  dc  I'aeionef, 

Le  sujet  clan  I'ariieuhciemem  bicn  adapie  aux  Itottiio  tic  la  eommunauie  miliiairc  ou  il  y  a  un  intcrci  aeeru  dans  la 
eapacne  ties  avion*  actucls  el  future  d’effeciucr  dev  «ols  dans  dev  condition*  de  securite  aeeepiahlcs  cl  tie  fagon  elficacc, 
loot  ju'il  v  som  sounds  aux  conditions  host  lies  dmtt  il  fut  question  lots  du  Symposium. 
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suwiah* 

This  keynote  address  discusses  in  general  terns  the  problems  of  civil  flight  in 
adverse  veathar  and  uses  specific  eaannlea  to  illustrate  the  nature  of  technical* 
procedural  and  human  factors*  with  a  view  toward  the  mitigation  of  serious  events. 

CKKKHAI. 

A  paper  given  to  a  technical  group  is  usually  expected  to  contain  a  great  deal  of 
statistical  information,  data*  anu  other  bits  of  quantitative  information  on  which 
conclusions  can  be  based,  however*  1  believe  that  this  keynote  address  might  better  help 
set  the  stage  for  the  excellent  technical  program  that  follows  by  discussing  some  Issues 
that  nay  be  peripheral  to  the  research  and  development  community's  focus*  but  central  to 
the  end  objective  of  mueh  of  our  eolloctive  effort... the  safe  completion  of  the  assigned 
flight  mission,  it  is  my  Intention  to  present  a  very  brief  view  of  how  safe  flight  in 
adverse  environmental  conditions  has  often  been  denied,  with  some  discussion  of  reasons 
for  that  unfortunate  consequence. 

even  though  weather  has  always  been  the  foe  of  safe  aircraft  operations,  flight  in 
adverse  environmental  conditions  today  has  become  commonplace.  Costing  wind  conditions 
frustrated  the  first  would-be  aviators,  and  the  first  accident  sustained  by  the  Kright 
Brothers  occurred  in  1904  when  Orville  Wright  encountered  an  uncontrollable  sharp  gust 
that  resulted  In  a  crash,  almost  killing  him.  The  battle  againat  the  environment  was  thus 
joined.  Ever  since,  it  has  been  a  major  objective  of  the  aircraft  designer  to  provide  a 
machine  that  can  sustain  the  assaults  of  Mother  nature,  and  the  objective  of  the  operator 
to  avoid,  as  much  as  is  safely  possible,  the  constraints  otherwise  imposed  by  weather. 

The  overall  safety  records  of  air  carrier,  corporate  and  private  civil  aviation 
continues  to  improve  In  terms  of  individual  risk  exposure,  schedule  reliability  of  air 
carriers  la  taken  for  granted,  despito  current  congestion  delays  and  frustrations  of  msny 
passengers.  The  present-day  traveller  expects  to  reach  bia  or  her  deatlnation  without 
undue  problems  regardless  of  weather,  becauso  of  tho  good  record  of  completing  flights  to 
destination.  There  is  good  reason  for  this  confidence.  A  solid  baso  of  technology, 
coupled  with  a  curiosity  about  why  things  go  wrong  and  a  determination  to  correct 
erroneous  designs,  procedures  and  operations,  have  built  air  transportation  into  a  safe, 
highly-officlont  and  productive  mode  of  travel. 

Accident  occurrences  continue  their  downward  trend.  More  is  known  about  voather 
phenomena  than  ever  before.  Yet,  tho  major  weather  phenomenal  precipitation,  turbulence, 
ice,  fog  and  lightning,  in  all  their  manifestations,  continue  to  figure  in  the 
determinations  of  accident  probable  causes  or  as  contributing  factors. 

Civil  air  carrier  operations  continue  to  improve  in  terms  of  individual  oxposuro  to 
risk,  despite  some  rather  spectacular  accldenta  within  the  past  several  years.  World¬ 
wide,  scheduled  civil  air  transport  has  achieved  a  safety  record  of  one  fatal  accident 
per  one  million  flights.  U.S.  Carriers'  record  is  about  0.3  fatal  accidents  per  one 
million  flights.  The  Australasian  carriers  are  operating  at  a  rato  of  about  0.1  fatal 
accidents  per  one  million  flights  ( X I { 2 ] .  Business  aircraft  operated  by  professional 
full-time  crews  logged  seven  fatal  accidents  in  world-wide  operations  last  year.  General 
aviation's  accident  record  has  improved,  and  civil  helicopter  operations,  with  the 
exception  of  emergency  medical  service  flights,  have  not  degraded  in  safaty. 

But  I  don't  want  to  talk  about  the  general  trends  today.  They  are  indeed  what  we  like 
to  seo  and  glvo  us  confidonco  that  in  general  we  are  doing  things  right.  However,  looking 
at  the  individual  accidents  that  do  occur  tolls  us  something  about  how  wo  go  about  our 
business  of  civil  flights.  And  it  is  not  a  picture  to  bo  particularly  proud  of.  Figure  1 
shows  that  for  tho  past  30  years,  approximately  601  of  all  air  carrier  accidents  occur  in 
the  descent,  approach  and  landing  phases,  whilo  301  occur  in  tho  takeoff  and  climb 
phases.  But  this  901  share  of  accidents  occurs  within  only  about  401  of  th<4  total  flight 
time.  Tho  same  general  proportions  apply  to  business  and  general  aviation  operations. 
There  is  a  remarkable  congruence  among  many  accident  studios  that  indicates  that  the 
flight  crews  have  tho  opportunity  to  prevent  60-701  of  ali  accidents  131. 

Piguro  2  shows  a  breakout  of  different  primary  causal  factors  for  hull  loss  accidents 
to  trsnsport  aircraft.  Again,  business  and  general  aviation  aircraft  operations  show 
approximately  tho  samo  proportions.  Note  that  some  701  aro  attributable  to  tho  flight 
crow,  and  about  61  are  attributable  to  woabhoi.  Buried  in  that  flight  crew  figure, 
however,  are  many  weather  situations  that  taxed  tho  flight  crow's  capabilities  and 
judgment. 


Tim  decision  to  rut 


The  decision  to  fly  is  a  human  act.  It  should  ho  based  on  a  number  of  important 
factors,  l  say  ’should  bo’,  for  a#  v«  vill  see  latar  In  this  discussion,  sometimes 
important  factors  are  omitted  or  overlooked.  The  factors  include! 

o  Type  of  aircraft  consistent  with  the  mission 
o  Condition  of  the  aireraft 
o  equipment  aboard 

o  Pilot's  experience  with  aircraft  end  mission 
o  Pilot's  physical  and  mental  fitness  for  duty 
o  environmental  conditions  along  the  route 
o  Conditions  of  airports  and  nav/comm  aids  available 
o  Any  unusual  conditions  expected 

The  decision  to  fly  is  made  by  the  pilot  upon  accepting  the  aireraft  as  airworthy. 

The  hand-over  from  ground  personnel  to  flight  crew  is  a  critical  point  In  the  process, 
for  the  duty  of  care  that  everyone  in  aviation  has,  demands  that  the  airplane  be 
presented  to  the  flight  crew  in  condition  adequate  for  safe  completion  of  the  flight.  The 
primary  responsibility  for  the  safety  of  the  flight  shifts  from  ground  to  flight  crew  at 
that  moment,  and  the  pilot,  having  accepted  an  airplane  he  or  she  believes  to  he 
airworthy,  must  now  assess  the  remaining  factors.  Is  the  equipment  aboard  sufficient  and 
functioning  for  the  expected  flight  mission?  Is  the  aircraft's  performance  and  structure 
adequate  for  the  expected  flight?  Is  the  pilot  in  good  physlcsl  and  mental  state  for  the 
flight?  Is  the  pilot's  experience  adequate  for  safe  completion  of  the  flight?  Are  the 
takeoff  weather  condition;  satisfactory  for  launching?  And,  what  is  tho  forecast  weather 
enroute  and  at  destination?  what  navigation  and  communication  aids  are  available  along 
the  flight  path?  Are  there  adequate  alternate  landing  sites? 

dust  ss  the  maintenance  organisation  provides  support  to  the  pilot,  so  ooes  the  duty 
of  care  extend  to  ATC  and  weather  personnel.  They  must  make  certain  that  support  is  given 
to  the  operating  crew  in  terma  of  supplying  accurate  up-to-date  weather  information  and 
assessment  of  changes  expected. 

Tho  pilot's  decision  to  go  considers  two  major  weather  questional 
Is  the  expected  weather  within  tho  pilot's  capability? 

The  answer  to  this  question  lies  In  the  training  and  experience  of  the  pilot  in  both 
weather  flying  and  familiarity  with  tho  equipment,  how  much  IHC  flying  ie  expected, 
vhethur  tho  flight  ie  to  he  conducted  with  solo  pilot  or  multiple  crew,  the  quality  of 
the  weather  Information  available  to  tho  pilot  for  the  flight,  and  any  special  detection 
equipment  aboard  the  airplane,  e.g.,  radar,  navigation  equipment,  cockpit  configuration 
and  display,  ice  probes,  etc.,  and  the  pilot’s  proficiency  in  operating  the  equipment. 

Is  the  expected  weather  within  the  aircraft's  capability? 

The  answer  to  this  question  depends  on  tho  aircraft's  design  (performance,  structural 
strength,  aerodynamics,  powerplant.  da-  and  anti-icing  systems,  maneuverability  and 
handling  qualities,  etc.)  and  the  aircraft's  condition  (airworthiness,  MEL,  inoperable 
systems,  adequate  fuol  reserves  for  tho  flight,  system  redundancies,  etc.). 

Given  this  general  structure,  I  would  like  to  address  some  specifics  that  are 
illustrated  by  a  random  sampling  of  over  600  accidents  Involving  weather  as  a  factor  that 
civil  aviation  has  experienced  ovar  the  paet  decade.  Tho  specifics  will  include! 

Deviation  from  planned  flight, 

Inaccurate  weather  forecasts, 

Faulty  judgment, 

Mismanagement  of  cockpit  resources, 

Deficiencies  in  basic  knowiedge/understandlng  of  the  airplane,  pilot  capabilities  and 
the  environment, 

Lack  of  critical  Information  for  the  crew, 

Pailure  to  cosaunicato  critical  Information  to  the  pilot 
in  a  timely  fashion 

Lack  of  adequate  operational  nav/com  ground  facilities 
FAC  I  KG  ThK  MOMENT  OF  THUTIl— SOMK  ACCIDENT  CASES 

Tho  following  brief  synopses  have  been  culled  from  world-wida  accident  data: 

Quebec!  DHC-6.  Loss  of  directional  control  on  tho  runway.  Freezing  drizzle  ctverod 
the  sanded  area  of  the  runway  surface,  but  runway  condition  was  still  reported  as  sanded 
with  poor  to  fair  braking  action.  0  fatalities  to  12  exposed 

Kenyai  Cessna  310.  Visibility  poor  in  holding  pattern  with  rain  and  thunderstorms. 
Aircraft  struck  terrain  while  maneuvering  in  tho  pattern.  2  fatalities  to  4  exposed.  2 
seriously  injured. 

Hew  York:  Swearingen  Metro.  Aircraft  hit  large  chunk  of  ice  on  runway  during  landing 
roll.  0  fatalities  to  14  exposed. 
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dspum  *3-11.  Maneuvering  below  low  cloud  base,  aircraft  descended  into  terrain.  0 
fatalities  to  3}  exposed,  li  serious  injuries. 

Venesuelai  DC-}.  ILS  into  heavy  fog.  landed  hard,  with  damage  tc  gear  and  aubsecuent 
lire.  23  fatalities  sith  SO  exposed. 

Cerfcanyi  Cessna  414.  landed  In  heavy  rain.  Poor  braking.  Hydroplaned  oft  end  of 
runway.  0  fatalities  to  S  exposed. 

Maryland!  D707.  Aircraft  encountered  unforeeast  tutUuler.ee  JS  sinuses  before  landing. 
Cabin  attendant  thrown  to  celling,  fell  to  floor.  Serious  bach  injury.  0  fatalities  with 
191  exposed. 

Orkney  Islands!  Twin  Otter,  landed  on  l.St  dovnslepc  with  2»kt  crcaswind  gusung  to 
3IKt.  Aircraft**  left  wing  rose,  aircraft  swerved  as  right  wing  struck  ground  and 
catapulted.  C  fatalities  to  13  exposed. 

Poston t  Cessna  402.  m  level  flight,  alreraft  passed  behind  Airbus  ASOO  in  descent. 
Vortex  turbulence  caused  the  Cessna  to  roll  inverted.  Pilot  regained  control  and  landed 
safely,  both  aircraft  on  instrument  flight  procedures  in  IKC  being  vectored. 

Spaint  8737.  on  takeoff  run.  aircraft  collided  v«h  ec-9  taxiing  onto  runway  in  heavy 
fog.  oC-9  crew  could  not  obtain  adequate  visual  reference  for  taxiing.  97  fatalities  to 
93  exposed, 

Malaysia!  A300.  During  115  approach  in  poor  visibility,  thunderstorms  and  heavy  rain, 
aircraft  undershot  and  easts  to  rest  1000  meters  before  runway  threshold.  The  aircraft  was 
leased  und  had  different  eockpit  configuration  than  the  main  fleet  aircraft.  Heavy 
cockpit  erew  workload  as  a  result  distracted  crew  in  low  visibility  approach.  0 
fatalities  to  347  exposed. 

Atstrallai  HockweU  Commander  60S.  Pilot  reported  descending  to  cruiso  at  S00  feet 
AC1.  The  weather  was  overeast  with  low  cloud  covering  hills.  Wreckage  was  found  on 
northern  slope  of  east-west  ridge.  1  fatality  to  1  exposed. 

Hew  Yerki  DC-10.  Copilot  flying  X15  approach  in  tallvir.d.  Aircraft  landed  4700  feer 
beyond  threshold,  36Kt  above  programmed  touchdown  speed.  Aireraft  ran  off  runway  into 
tidal  inlet.  0  fatalities  to  177  exposed. 

ooliviai  P-37.  Adverse  weather  on  arrival  at  Sait  Ooria.  AT5/Co«/Ket/viiP,  up, and 
V6R/HDD  radio  aids  were  inoperative.  Aircraft  overflew  airport  at  1500  feet.  Ten  minutes 
later,  equipment  operation  was  restored,  and  call  waa  received  from  aircraft  before 
impacting  hillside.  23  fatalities  to  33  exposed, 

Pago  Pagoi  DllC-6.  bight  to  moderate  turbulence  led  crow  to  fly  slightly  faster  than 
normal  approach.  During  flare,  windshear  was  encountered,  causing  decrease  in  airspeed 
and  excessive  rate  vf  descent.  Despite  adding  power,  the  aircraft  suntained  a  hard 
landing.  0  fatalities  to  20  exposed. 

Trance:  Piper  Cheyenne  II.  During  second  IFR  approach  in  thick  fog,  aircraft  diverted 
30  degrees  from  centerline  and  collided  with  light  post,  struck  ground  and  caught  lire.  7 
fatalities  to  7  exposed. 

Scotland!  QA330  Puma.  Helicopter  was  in  cruise  at  Fb40  when  41  engine  failed.  Some 
ice  had  built  up  on  the  windscreen  wiper  blades  and  substantial  rime  ice  had  built  up  on 
the  icing  probo.  Second  engine  failed  in  descent  to  Fb30.  Autorotation  commenced  and  both 
engines  wore  restarted  in  time  for  recover  at  200  feet  ACu.  Engine  inlet  icing  suspected. 
0  fatalities  to  12  exposed. 

Khatnandui  DHC-C.  Collision  with  terrain  on  climb.  Aircraft  deviated  from  track. 
Suspect  bad  weather  and  possible  load  limited  rate  of  climb.  IS  fatalities  to  23  exposed. 

Hew  Zealand!  8737.  While  descending  through  11000  feet  in  the  clear,  aircraft 
encountered  brief  period  of  Clear  Air  Turbulence.  Passenger  standing  in  rear  foyer  vac 
thrown  to  floor  with  compression  fracture  of  lumbar  vertebra.  0  fatalities  to  132 
exposed. 

Arkansas:  8727.  Aircraft  experienced  severe  turbulence  associated  with  thunderstorm. 
Two  flight  attendants  injured.  0  fatalities  to  5  exposed. 

Ireland:  Short  360.  Aircraft  was  established  on  ILS  at  900  feet  ACb  when  periodic  and 
divergent  rolling  motion  developed.  Bank  angles  up  to  56  with  maximum  roll  rat  tin  of 
55  /sec  were  experienced,  along  with  a  maximum  rata  of  descent  of  3000  f pe>.  Tim  descent 
was  arrested  in  tine  to  make  a  gentle  ground  contact  3.5  ka  short  of  runway.  Airframe  ice 
legradcd  aircraft  stability  end  control,  with  turbulence  and  downdraft  contributing.  0 
fatalities  to  35  exposed.  2  serious  injuries. 

Denmark:  DC-8-63.  During  VMC  approach  using  ILS  guidonco,  the.  aircraft  was  subjected 
to  severe  turbulence.  At  1000  feet,  windshear  brought  IAS  from  150  to  180Kt.  On  short 
final,  conditions  improved  and  pilot  olected  to  land.  Aircraft  outboard  engine  pod 
contacted  ground  on  touchdown.  0  fatalities  to  258  exposed. 
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Xcelarwl*  FA-23  Attee.  Mr  taxi  (light  in  1FR  with  Icing  above  5000  f«at  in  clouds. 
Mini  at  erui+J'-g  altitude  of  9000  feet  was  u;>  to  SORte.  (teaching  mountain  range,  pilot 
requested  minimum  altitude  ami  was  cleared  to  5000  feet,  tie  was  seen  descending  to  4000 
feet  ami  then  disappeared.  A  very  strong  mountain  wave,  with  toil  eloud  was  present. 

Rate  of  descent  of  the  air  on  leeward  side  was  calculated  to  be  ep  to  SOSO  fp».  the 
aircraft  altimeter  very  likely  showed  (00  feet  toe  high  because  of  wind  and  temperature 
deviations,  i  fatalities  to  7  exposed.  2  serious  injuries. 

Sweden*  DMC-2  Beaver.  On  Advice  of  chief  pilot,  pilot  took  off  fren  mountain  lake, 
weather  was  bad  and  pilot  lost  all  visual  references,  tack  of  instrument  training  made 
him  decide  t6  tsake  precautionary  landing.  Due  to  whiteout,  Aircraft  collided  with  ground. 
0  fatalities  to  1  exposed. 

Japan i  oc-10.  Cruising  at  n 710,  aircraft  encountered  severe  turbulence.  Seat  belt 
sign  not  on.  cm  shewed  g  values  varying  from  *0.29  to  +1.97  of  K  second*  duration.  J 
serious  injuries  to  137  exposed. 

Japan*  >0-00.  Severe  turbulence  was  encountered  at  Fi.390  in  cruise,  ores  records 
showed  g  ranging  from  -1.1  to  +1.7G  of  3  seconds  duration.  2  serious  injuries  to  104 
exposed. 

Japan*  >0-80.  descending  through  1000  feet,  aircraft  encountered  severe  turbulence. 
Seat  belt  sign  on.  One  passenger  in  toilet  seriously  Injured,  cm  showed  y  values  of 
+1.92  to  *0.65  of  3  seconds  duration.  1  serious  injury  to  104  expuaed. 

Japan*  CC-9.  In  cruise  at  FUSS,  aireraft  encountered  severe  turbulence,  dfdr  showed 
g  values  from  -.20  to  +2.30  with  2-3  seconds*  duration.  1  serious  injury  to  S8  aboard. 

Argentina*  0727.  During  landing  roll,  aireraft  drifted  outside  runway  13  which  was 
wet  and  had  quartering  gusts  from  90-310  degrees  at  23Kts  gustinn  to  35Kts.  toss  of 
directional  control  was  followed  by  nose  gear  collapsing.  0  fatalities  to  114  exposed. 

England*  8747.  On  departure,  aircraft  was  struck  by  lightning.  No  thunderstorms 
forecast  nor  did  aircraft  radar  show  any  returns.  After  third  strike,  aircraft  radar 
failed  and  autopilot  disengaged.  Pilot  returned  for  overweight  landing  which  was  normal 
except  for  no  roverso  thrust  on  72  and  13  engines,  and  no  euto  spoilers.  Over  100 
discrete  burn  marks  were  found  on  the  fuselage*  Four  square  foot  of  paint  was  discolored. 
The  tip  of  the  right  tailplane  was  dastsged  and  aft  section  of  tip  cap  was  missing.  IIP 
radios,  two  bonding  straps  at  hinge  position  on  right  olevator  and  part  of  passenger 
address  system  also  failed,  the  FOR  vas  unserviceable.  0  fatalities  to  243  expose). 

05 SR:  TAK-40.  Approach  was  flown  with  tailwind  in  heavy  rain  shower.  Meathor  presumed 
below  crew  minima.  Fo'loving  a  high  speed  touchdown,  a  go-around  was  attempted,  the  nake- 
off  was  aborted  and  aircraft  overran  the  end  of  the  runway,  collided  with  obstacle,  broke 
up  and  caught  fire.  9  fatal  to  29  exposed,  12  serious  injuries. 

USSR*  TU-134.  Aircraft  was  cleared  for  non-standard  approach  in  INC  at  night.  The 
crew  was  not  informed  that  navalds  were  turned  off  and  weather  bad  changed.  Entering 
conditions  of  reduced  visibility  with  no  reliable  visual  contact  with  approach  lights  and 
wit!*  landing  lights  turned  off,  pilot  and  copilot  continued  approach  through  decision 
height.  The  aircraft,  which  was  not  in  landing  attitude,  made  hard  landing  beside  runway, 
broke  up  on  impact  and  caught  fire.  20  fatalities  to  51  exposed.  30  aoriously  injured. 

DISCUSSION 

To  the  above  list  can  bo  added  some  better-known  accidents*  the  wind  shoar  landing 
accident  in  Dallas/Port  Worth,  the  icing  take-off  accident  at  Washington  National,  the 
iclng/gustlng  wind  take-off  accident  at  Denver  and  the  i.vflaps  take-off  accident  at 
Detroit,  where  crew  concern  over  possible  wind  shear  conditions  contributed  to  a 
checklist  distraction,  t  purposely  chose  the  less  well-known  accidents  from  the  accident 
reports  to  show  clearly  that  adverse  environmental  factors  are  no  respecters  of 
geograohy,  aircraft  type  or  the  particular  human  operator.  Many  of  tho  pilots  involved 
were  highly-skilled  and  highly-experienced.  Though  mercifully,  many  aircraft  occupants 
escaped  injury  or  death,  the  numbers  exposed  to  risk  are  high  and  should  be  kept  in  mind 
as  we  all  perform  our  tasks  with  a  duty  of  care. 

Though  the  pilot  or  crew  was  often  determined  to  be  at  fault,  the  presence  of  adverse 
environmental  situations  was  tho  determining  factor  in  many  of  these  accidental  that  iw 
to  say,  lacking  the  added  complication  of  low  visibility,  gusts,  wind  shear,  icing, 
thunderstorms,  etc.,  the  accidents  likely  would  not  have  happened.  What  does  this  mean? 
Well,  for  one  thing,  it  means  that  we  have  been  collectively  unable  to  get  basic 
understanding  of  the  potential  hazards  represented  by  adverse  environmental  factor 
instilled  in  crew  and  management  thinking  to  a  high  enough  level  to  raise  the  proper 
questions  in  the  decision-making  process. 

Tho  judgments  of  the  pilot  or  crow  thus  become  the  key  factors.  What  influences  this 
judgment?  There  are  many  Influences  and  it  is  impossible  to  quantitatively  rank  their 
importance,  for  each  situation  calls  for  its  own  hierarchy  of  priorities.  However, 
included  in  these  influences  must  be*  fundamental  knowledge  and  understanding  of  weather 
processes  and  hazards  by  both  operations  and  management  people,  situational  awareness  on 
tho  part  of  the  pilot  or  crew,  poor  pressure,  schedule  pressure,  ATC  slot  assignments. 


KM 


and  cockpit  resource  management  or  how  well  the  crew  works  together  to  provide  adequate 
checks  and  balances  in  the  nan-maehine-envireiwent  interlace. 

Senior  management's  visible  commitment  to  safe  operations  has  probably  the  largest 
potential  positive  effect  on  judgment.  Such  commitment  is  manifested  in  tight  crew 
selection  procedures,  training  and  organisation  of  the  operation  so  as  to  operate  with 
the  highest  practical  level  of  safety,  as  mandated  by  seat  national  codes  of  aeronautical 
regulations.  However,  self-discipline  and  professions lisa  are  also  important  attributes 
for  the  pilot  or  crew. 

A  major  contribution  to  crew  performance  improvement  is  the  modern  flight  simulator, 
where  realistic  weather  situations  can  he  experienced  with  such  realism  -.hat  the  training 
is  highly  effective.  However,  private  pilots  and  small  operators  are  often  unable  to 
avail  themselves  of  sueh  training  though  technologies  are  continually  emerging  that 
promise  to  bring  this  excellent  educational  and  training  tool  within  the  reach  of  the 
smaller  operator. 

the  changes  taking  place  today  in  aviation  aro  dramatic,  the  accident  reports 
reviewed  leave  no  doubt  that  tho  modern  airplane  in  very  forgiving  of  human  error. 
Likewise  it  is  protective  of  its  occupants  in  Ail  but  the  most  severe  accidents, 
severthelese,  new  demands  are  being  plaeed  on  the  operation,  and  new  equipment  and 
procedures  are  being  introduced  that  hav/*  subtle  requirements  for  the  support  system. 
cht'PS,  for  example,  is  technologically  sound  for  tho  newer  twin-engined  transport 
aircraft,  but  it  demands  a  much  more  precise  forecasting  of  enroute  and  destination 
weather,  so  that  contingencies  (or  safe  conclusion  of  flight  may  be  maintained.  Likewise, 
the  hub-and-spoke  route  structure  in  the  O.S.  brought  about  by  deregulation  has 
introduced  requirements  for  sore  schedule  precision  to  efficiently  make  the  hub  transfers 
of  passengers,  there  is  thus  a  subtle  pressure  to  make  schedule,  or  else  throw  the  entire 
system  out  of  sync,  in  Europe,  the  congested  air  traffic  and  airport  systems  have  caused 
an  enormous  amount  of  anxiety  about  obtaining  and  maintaining  a  "slot*  in  the  traffic 
flow,  and  a  fecent  item  appeared  in  the  U.K.la  CHIRP  reports  wherein  a  pilot  was  reported 
as  having  suffered  a  mild  heart  attack  in  the  cockpit  while  awaiting  take-off  clearance, 
but  elected  to  continue  with  the  take-off  rather  than  lose  the  assigned  slot) 

The  nature  of  delivery  of  weather  services  to  tho  operator  has  also  changed,  with 
dacalinklng  via  computer  and  satellite.  The  measurement,  collection  and  analysis  of 
meteorological  data  has  made  great  strides,  hut  in  some  cases  it  has  become  more  remote 
from  the  traditional  flight  operation.  Software  design  is  accomplished  In  many  cases  by 
people  who  have  more  software-orientation  than  operational  awareness.  Acquaintance  with 
operational  needs  by  weather  personnel  may  not  be  as  focused  as  In  earlier  year; ,  but 
improvements  in  measurement  and  forecasting  precision  likely  compensate  to  some  extent, 
tie  must,  however,  maintain  our  own  engineering  and  scientific  situational  awareness  to 
ensure  that  our  end  product  is  functionally  safe. 

As  key  to  this  situational  awareness  you  must  realise  that  at  the  operational  end, 
the  rapid  expansion  in  aviation  operations  has  strained  tho  ready  supply  of  pilots  and 
mechanics  just  as  it  has  the  delivery  of  weather  services.  Air  carrier  and  corporate 
operators  no  longer  have  the  luxury  of  tho  military  services'  screening  and  training 
their  pilot  hires.  An  increased  number  of  ab  initio  training  schools  has  been 
established  by  airlines  and  manufacturers.  Recruitment  of  naive  civil  candidates  is  now 
done  by  civil  operators,  and  variations  In  selection  standards  are  wider  than  for 
military  flight  candidates.  Maintenance  training  has  to  compete  with  many  other  career 
fields  that  are  attractive  and  financially  rewarding  to  young  people  today. 

This  has  led  to  an  overall  louerlng  of  experience  level  in  the  maintenance  and 
operational  ranks.  The  larger  airlines  now  recruit  personnel  from  commuters,  air  taxi, 
and  business  aviation  operators.  They  have  largely  replaced  the  military  as  a  major 
source  of  pilots  for  the  major  airlines.  Hot  only  ore  tho  smaller  operators  lacking  in  a 
uniform  standard  of  strict  selection  and  training  practices  compared  with  the  military, 
Put  the  constant  turnover  in  pilot  and  mechanics  staffing  condemns  these  smaller 
operators  to  a  never-ending  low  experience  level. 

The  situation  just  described  holds  strong  Implications  for  tho  need  to  technically 
compensate  with  research  on  environmental  hasards  that  will  yield  more  certain 
Information  and  forecasts  so  thst  tho  criticality  of  pilot  judgments  is  loss  dependent  on 
training  and  seasoning.  Likewise,  initial  and  recurrent  training  of  pilots  in  advorso 
weather  phenomena  cannot  be  underestimated  in  its  Importance. 

COMCLOSIOM 

Adverse  weathnr  la  a  given.  It  is  up  to  the  human  to  deal  with  it.  Ka  must  measure 
It,  analyse  it,  continue  to  design  our  machines  to  withstand  its  aasaults,  define  safe 
operating  boundaries,  and  train  ourselves  to  operato  within  these  boundaries.  He  must  do 
better  In  providing  our  pilots  with  a  strong  basic  education  in  weather  and  lta  potential 
for  risk.  Our  support  system  of  air  traffic  control  and  weather  observation,  analysis, 
forecast  and  warning  must  ba  improved  to  provide  the  pilot  with  the  information  noeded  to 
make  quick  and  prudont  decisions,  our  air  transportation  system,  whether  public  carrier 
or  private,  must  recognise  tho  limits  imposed  by  adverse  environmental  conditions,  and 
thereby  avoid  subtle  transgressions  of  the  pilot  decision  making  process  that  might 
encourage  undue  risk-taking.  He  must  continue  our  refinement  of  the  forecasting  art  a,x! 
science. 


Host  of  the  aecidenta  discussed  underscore  two  major  deficiencies!  education  and 
Communication. 

A  breakdown  of  the  process  by  which  the  pilot  recognise#  a  deteriorating  situation 
calling  lor  safer  alternative  action  oceurs  frequently.  Initial  and  recurrent  training  in 
weather  oust  he  strengthened.  Likewise,  the  failure  to  provide  accurate  and  up-to-date 
weather  Information  to  the  pilot  in  a  timely  fashion  Is  demonstrated  time  and  tine  again 
in  the  accident  reports.  The  research  activities  represented  on  the  agenda  at  this 
symposium  are  absolutely  essential  to  ensuring  that  these  deficiencies  are  eventually 
oversow.  They  should  he  carried  our  fully  mindful  of  our  duty  of  care  and  with  the 
realisation  that  the  understanding  and  knowledge  gained  will  not  be  useful  unless  the 
operational  system  can  exploit  it  in  the  interests  of  safe  operation. 
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RESJJJOt 

(.‘analyst  des  dfpassemtnls  de  facteur  de  charge  supfrkur  4  0.5  g  sur  plus  (Tun  million 
dheurts  de  vol  a  permij  de  proposer  one  description  de  It  lorboltnce  almosphfrtqoe  cohfrente.  Une  analyse 
critique  des  mflhodes  ullllsfes  poor  dfdulre  des  faclews  de  charge  mesurts,  Its  vtleuej  dts  nVeaox  de 
lorboltnce  rencontrfs  tsl  fall*,  et  on  expose  one  melioration  possible  (font  de  ces  mflhodes.  On  prfstnle 
ensolle  Its  rfsultats  oblenus  sor  la  description  de  la  lorboltnce  almvsoHFrlqoe  ptr  Iralltmenl  des  tangoes 
de  donnfes  constltufes  4  parllr  denreglstrements  rtcoelllls  sor  Its  vols  tf avlons  commercial  de  plosltors 
compagnlts. 


imBOPUCTlOK 

le  but  de  cel  article  esl  de  falre  le  point  sor  les  mf  Ihodes  permetlanl  de  passer  des  valcors 
de  dfpasscment  de  facteors  de  charge  aux  valours  de  nlveaox  de  lorbotence  atmosphfrlque.  On  fera  une 
analyse  des  difffrenles  mflhodes  axlslanles  tl  des  consfquences  qu’elks  pewenl  avoir  sur  les  rfgt«  de 
ccrllficallon, 

LlntfrU  renowelf  des  constroeleurs  poor  la  turfcuknce  vfenl  des  problfmts  rencontrfs  sor 
les  rwveaux  svlcns : 

-Avlons  cMIs  4  grand  allongement 

-Avlons  mllUalres  de  pfnfiratlcn  4  basse  altitude  el  grande  vllessa 

-Contrite  aetlf  do  vol  il  des  charges 

-Justification  de  I'Mcrolsscnuntdedorfe  de  vie  en  fatigue**  avlons  dvils  exlstanls. 

II  feul  se  rappekr  got  1‘flude  de  t»  brbuknce  atmosphfrlque  se  fait  de  deux  facons,  D'abcrd, 
one  mesure  par  des  avlons  spfclakment  fqulpfs  (gimielU,  gyromflre,  plaleforme  4  Inerlle)  a  fit  falle,  et 
a  fie  longlemps  la  seole  el  unique  moyen  (Toblanlr  one  Evolution  dans  le  lemps  de  la  lorbolence  (Toil  Ton  a 
dfdo.l  les  valeors  des  densltfs  speclrales  de  puissance  el  de  1'fchelle.  Celle  mesure  a  dennf  one  base  sollde 
poor  les  mf  Urades  de  lot  bolence  conllnue,  mals  ne  peul  fire  ollllsf e  poor  foornlr  des  slallsllgues  do  falle  do 
falble  nombre  (favlons  el  de  vols  cencernfs.  Olxi  autre  coif.  II  faol  consldff  tr  les  avlons  commerdaux  qol 
parcourenl  des  millions  de  mllles  naullques  cheque  annf  e  et  renconlrenl  de  ce  fall  boaucoup  de  *  pavfs  *  de 
turbulence  au  cows  de  leur  vie.  Ils  sont  depuls  quelqoe  lemps  fgolpfs  d'enreglslreurs  quI  salslssenl  les 
valeors  (faccflfrallon  au  centre  de  gravilf,  de  vltesse  Indlqufe,  cTalUlode,  de  masse  el  de  nombre  de  Mach 
4  llnstanl  de  chaque  dfpassemenl  dXtn  niveau  flxf  (faccflfratlon.  On  Irouve  de  plus  des  ordlnaleurs 
pul5$anl$  el  rapldes  enables  de  mfmorlser  el  de  IrilUr  des  grandes  banques  de  donnfes. 

Alnsl  I'apparltlon  slmuilanfe  des  moyens  el  de  la  motivation,  a  poossf  les  laboralolres  el 
Industrials  i  raffiner  leurs  analyses  (en  prenanl  en  comple  par  exempla  leffel  dlsolrople  de  la  Iwbulence 
ou  rfqulllbre  des  charges  quand  la  turbulence  continue  est  le  cas  de  calcul  ullllsf  pour  la  Justification  de  la 
structure).  Ceci  explique  fgilemenl  les  nouvelles  lenlaUves  exposfes  Id  pour  flarglr  les  banques  de 
donnfes  et  Justlfler  les  rf gles  de  certification. 

les  premifres  lentatives  pour  passer  des  donnfes  de  variation  da  faclew  de  charge  aux 
valews  de  turbulence  sont  apparues  dans  la  pfrlode  1931  4  1949  avec  les  Iravaux  de  RHODE  et  DONELY 
prenant  en  compte  un  seul  dogrf  de  llberlf  pow  la  rfponse  de  I'avlon  4  une  rafale  simple  el  isolfe.  Entre 
1950  et  1956  .  PRATT  el  All!  Introdulsenl  le  coefficient  (fallfnuallon  de  rafale  et  ta  rafale  en  f-cos.  Ils 
travalllfrenl  alors  sur  quelque  55000  vols.  Plus  lard  (1956-1970),  PRESS  el  H0U80LT  proposenl  le 
prlndpe  de  turbulence  continue,  quI  a  conduit  4  un  amendement  de  la  FAR  25  ,  prfparf  par  H06LIT  et 
aojoufdhul  largement  acceptf .  Vlnrent  ensulle  Iss  tramx  de  HAIL  et  KAYNES,  quI  Inlrodulsent,  toojours 
avec  un  systime  4  un  seul  degrf  de  llbertf,  une  rfparUtton  non  uniforms  en  envergure  de  la  turbulence. 
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Trfs  rfcemroent,  HC06CIT  *  proposf  one  nouvelle  mfthod#  t»yl  pcend  en  compt*  !**  deux  degrfs  <k  lib*cU 
rlgldes  tk  livlon.  Pendant  le  mime  temps,  I'acqulsltlon  d*  dpmfes  i  ft  I  poursuMt  el  des  stallsUoocs  <k 
variation  de  (actaur  d*  chirp*  soot  dlsponlbWs  sur  plus  dun  million  dheures  d*  vol. 

Oms  on*  premifre  part!*,  on  envisage*  li  valldllf  d*s  traltements  des  donnfts  acgulsas  *t  l« 
sl^lflciUon  des  vateurs  d*  tolwt  dfdulles  des  donnfes  <r*ccflffillon.  Ensolte,  on  dfcrlra 
sommalremtnL  oueloues  method*}  utWsfes  (PflATF,  HAIL  tl  H006CLT),  Enfln  on  tn  Urcra  qwelfjoes 
conclusions. 


WOTATIQC 

On  utllls*  Id  Its  nwnts  notations  qo«  J.C,  HCC6CLT  dan-i  s*  prfs*nUUon  AGATiD/SMP  } 
ATHENESenseptembre  1906. 

<  Pente  d<  I*  courbe  d<  portince  (,  cy< ) 

A  Coefficient  d«  transfer!  ^  °w 

Ar  Alloogemenl 

c  Cords  mayenne 

k  Frfqutnct  rfdulle  't-  ~~ 

ks  Frfquence  rfdulle  d*  FoscllliUon  dlncidence 

K  Coefficient  dTitlfnuaUon  d«  rifil* 

L  Echdle  de  turbulence 

Ho  Nombre  de  passage  p»r  zfro  (fun  paramilre 

S  Surfxe  de  ffftntnce 

V  Vitesse  avion 

W  Polds  de  1'ivlon 

ct  Incidence  (pit  rapport  I  llrtddence  de  porlmce  nolle) 

6«n  Virlillon  do  facleurde  dirge  due  i  la  turbulence 
J*r  Paramftre  de  misse 

Masse  volumlque  de  Fair 
Vileurrms  dels  turbulence 


PensItE  speelrele  de  puissance  de  U  viiesse  vtr Uc*)c  de  turbulence 
W  Pulsation 

■A.  FrEquence  rfdulti  SL*  ±L 

M  Nombr  e  de  tt*ch 
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Une  description  de l*  turbulence  atmosphErlque  tsl  tsienllelle  pour  dEflnlr  Its  chirks  qubn 
lyion  peul  rcncoolrcr  «  tours  de  s#  vie  nor  male.  Comme  montrE  dans  llnlroductloo,  les  stattstfqucs  de 
rafale  ne  peuvenl  Fire  obtenoes  par  on  Iris  petit  nombre  (frn'ons  spEdalement  EquipEs  pour  mesurer 
TEvplultoo  dans  le  temps  de  |«  turbulence.  En  ccosEquence,  H  nous  faul  roller  Its  valturs  d«  An  enreglslrEes 
sur  Its  avlons  commerdaux  aux  valturs  de  lurbultnct  par  dffErentes  mEthodes.Une  demlire  remarque :  si 
le  calcul  de  la  variation  du  fetleur  de  charge  dun  avion  au  cours  de  la  travtrsie  dune  rafale  de  forme 
donnie  est  asset  simple  grke  4  des  mElhodes  plus  ou  molds  sophtstlouEes.  II  est  prillquement  Impossible  de 
trourer  une  valeur  de  turbulence  4  paf  Ur  dun  On  donnE  si  Ton  Ignore  la  forme  de  la  rafale  et  lous  les  dEtalls 
des  conditions  de  vol  (par  exemple  le  cenlragt), 

Dans  le  passE,  diffcrenles  formuteu  cnt  Eli  developpEes  poor  le  calcul  des  avlons  4  la  rafale, 
tiles  ool  alors  Ele  ulllisEes  poor  trower  des  valturs  dlntensILE  de  rarsle  4  partlr  des  tin.  Otpuls  son 
apparition  en  195*1,  le  prmclpe  du  facteur  daUEnuatloo  de  rafale  de  PRATT  el  WALKER  a  recu  une 
approbation  ouasl-gEnErale  et  a  fall  parlle  des  rEgles  de  cerllftcalloo  pour  les  avlons  civils  et  mllilalres 
pendant  pludeurs  anoees.  Le  prlnclpt  de  base  de  la  *  formule  de  PRATT  *  a  eti  de  prEdlre  le  pic 
(fKcEIErallofl  du  4  une  rafale  discrete  sur  on  certain  avion  S  partlr  du  pic  ifeccEIEratlon  mtsurE  sir  un 
autre  avion  traversanl  une  rafale  de  mEme  forme  el  de  mEme  Inlensltf.  Alnsl  la  valeur  de  llntenslte  de 
rafale  n’esl  pas  vraimenl  une  grandeur  physique  mils  plutil  un  coefficient  de  Lransferl  rafale-charge 
dependant  des  termes  de  la  formule.  De  ee  fail  la  ;Vmute  est  plus  prfclse  si  son  utlllsallon  esl  IlmllEe  1  des 
avlons  de  csradErlstlques  volslnes. 

LUIlisalion  de  formules  simples  pour  trailer  les  An,  Elall  nEcessalre  4  lEpoqoe  de 
PRATTjsrce  que  les  capacHEs  de  calcul  Elalcnl  HmltEes;  elle  esl  essenlltlle  malntenanl  car  II  nous  faul 
travalller  sur  plus  de  dlx  mllle  EvEnements.  Toules  les  mElhodes  dEcrltes  Id  sonl  des  oullls  simples  el  peu 
couleux  pour  la  rEduclIon  des  donnEes.  Mais  de  ce  fait  elles  souffrtnl  des  mimes  dEfauls  oue  la  formule  de 
PRATT.  En  consEquence.  II  faul  garder  4  I'esprll  que  !a  description  des  sUtlsllQues  de  turbulence  4  parllr 
des  An  n'esl  pas  une  rep^EsenUllon  physique  de  la  turbulence,  et  qu’elle  doll  Eire  ullllsEe  avtc  prEcaulIon 
sur  des  avlons  qul  different  beaucoup  de  ceux  sur  lesquels  les  donnEes  onl  elE  acqulses. 

A  ce  point.  II  semble  nEcessalre  de  parler  des  dlfficultfs  does  »u  fall,  quo.  tn  gEnEral,  II  nV  a 
pas  de  moyen  de  sEparer  les  accEIErallons  dues  aux  manoeuvres  ImposEes  par  le  pllote,  de  celles  dues  4  la 
turbulence.  Cecl  n'esl  peut-Etre  pas  Iris  Important  sur  les  variations  de  facteur  de  charge  ElevEes,  mils 
altire  cerlalnement  les  donnEes  de  falble  accEIEratlon. 

En  rEsumE,  on  peut  dire  qu'actueHemenl  li:  tendance  esl  4  Mlllsatlon  de  formules  simples 
pour  la  rEduclIon  des  donnEes,  Ces  formules  peuvenl  Eire  ullllsies  avec  succJs  pour  une  grande  ouanlllE 
<T*idons  de  dlffErentes  masses.formes  et  vitesses  el  elles  tlennent  comple  des  deux  degrEs  de  llberlE  de 
corps  rlglde  de  I'avloo.  Cecl  esl  possible  car  la  micanlque  du  vol  des  dlffErenls  avlons  est  prallquemenl  la 
mEme  pour  des  besolns  de  pilotage. 

En  tout  EUl  de  cause.  II  ne  s’agll  que  de  formules  approchEes  pull  faul  ullllser  avec  beaucoup 
de  precautions  pour  les  besolns  de  la  certification. 


M 


UtJjes  PifEEsumajarattaa. 


On  vj  milntenanl  <>fcrire  cerUlnes  dts  different**  milbcxSes  dispenses  pour  rWoir*  Its 

dories  Do  en  vileurs  de  rafale :  I*  for  mule  de  PRATT,  It  roilhode  de  HAll  tl  la  twle  hcwellt  wreck  dt 
J.C.  HOJ6 CAT.  TouUs  sent  btsits  sur  lUilisaUon  da  peramitrt  de  mtsst  qul  Joue  un  rSle  fendtmentil  dan 
U  rJponse  de  lavien i  la  turbulence. 
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It  point  It  plus  Important  d#  It  fermul#  d*  PRATT  tst,  quell*  Introdull  It  ftcUw 
(fatUnuatlon  de  rafale  K  dans  la  formula  qul  doewt  It  factaur  de  charge  to  fonctlen  dt  la  turboltoce : 

ID  -  KU. 


PRATT  #1  WALKER  (I9S4)  col  fall  Its  hypelMsts  sulvantts : 

-  L’avtcrt  tsl  consider*  comma  unt  masse  poocloell*  avtc  It  stul  degri  de  IlDtrtf  de  mowemtnt  vertical. 
- 1#  nombrt  dt  passage  par  iko  de  TtcciliraUon  vtrllctlt  tsl  It  mtmt  pour  loos  Its  avions. 

-  La  rafale  est  une  simple  rampe  dt  longueur  dock*  jusqu'i  ce  gut  It  maximum  daccilfratlon  soil  altelnl. 

-  La  rafale  tsl  uniforms  tn  envtrgurt. 

Avec  ces  hypolkses,  on  oblltnl  la  ‘formult  de  PRATT* : 


(2) 


K« 


,86a5- 

•*  y~ 


Its  valturs  dt  calcul  dt  vlUsst  dt  rafale,  dans  Its  regies  dt  certification  courantts,  sent 
obtenues,  par  la  formule  de  PRATT,  i  parUr  das  statlsllgues  de  dbptssemtnLs  (fKctltrallon  au  centre  de 
{r»vibf  mesurfs,  pour  la  plus  grandt  part,  sur  dts  avion*  dt  transport  amirlctlns  avaol  1950  at 
conflrrkes  par  des  donnits  acqulses  sur  dts  avions  comrotrdaux  tn  Europe  avanl  1960. 

Plus  lard,  la  formult  dt  PRATT  a  itf  amillorit  par  (Introduction  dime  rafale  tn  l*cos, 
longue  de  25  cordts,  el  toujours  uniforme  en  tnvtrgure. 
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La  milhode  de  HALL  est  basit  sur  unt  hypolkst  dt  lurbultnct  continue,  qul  tsl  un  procWi 
stochasUqoe  caracttrlsi  par  sa  denslU  spectrale  de  puissance  §w(l)  i  laouelle  la  dtnslti  spectrale  de 
puissance  de  la  rJponst  tsl  rtlllt  par  la  formult : 

(3)  ft) jWlfep} 

ou  Tft)  est  la  function  de  transferl  de  I'avlon.  J.  HALL  doone  une  formule  simple  pour  Tft)  dans  le  cas  ou 
Its  tfftls  du  Ungagt  tl  dt  I'  tnvergure  finle  sur  I'KcroIsstmtnl  ds  portanct  du  i  la  turbulence  sonl 
kgllgeables : 


|T(k)|-[^o.v5/4w]  -L r-  w%p) 


avec  : 


a  -  Va,- 

A~  Bin*  .ash1- 

a  -  1  *  %/»>i 

“  -u  » em  f  .ss  nv 
^  <** 

df  AC  «*t*0 


_  ay-r 

dx  A  V»<*  ~  «*0 


le  facteur  dslUnuatlon  <k  rafale  s'icrlt  ators  : 
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a. 


le  premier  term#  esl  tot  par  Yacerolssement  de  parlance  Inslaolant  du  I  la  rafale;  I* 
second  terme  peut  ilre  relit  aux  effels  InslaUonnatrts, 

Si  le  module  ulillsl  poor  la  densitf  spectrale  de  polssanc*  de  turbulence  esl  celul  de  VCH 
KARrtANN,  II  faul  effecluer  one  Integration  sow  forme  rwmtrlQue;  par  conlre  si  on  utilise  le  module  de 
DflYDEH,  ITnUgrstJan  peut  itre  menfe  Jusqu'au  boot  sous  forme  IllUralt  el  donne  alnsl  la  rfsullat  suivant : 

»e«  e-2  f^*  /  fty  )  Si) 

(5>  K  *W/(^p)C^s.)UirSO  \a-wj 

Celle  formole  esl  plus  facile  3  manlpoler,  mals  Impllque  les  hypotheses  do  module  de  OftYDEN 
qui  esl  molns  realiste.  Oe  tool*  facon  c’esl  un  progris  car  elle  prend  tn  compt*  les  effels  cfaerodynamlqoe 
Inslallonnalre  el  dtchelle  Integrate  de  lorbulence. 

Comme  on  le  verra  plus  loin,  celle  formula  sa  compare  Ires  blen  avec  des  valeors  'txacles* 
obtenoes  par  lapproche  de  J.C.  HCUOOlT. 


la  plus  grande  parti*  de  cel  article  concern#  la  method*  propose#  ricemmenl  par  J.C. 
HOUBOtr,  qui  esl  Irts  promelleuse  car  elle  Ut/d  temple  des  deux  degrh  de  llberti  de  llberlt  de  corps 
rigtde  de  lavion  el  igalement  de  la  varlillon  an  envtrgure  de  la  rafale.  La  density  spectral#  de  turbulence 
utilise#  esl  cell#  de  VON  KARttAW  mils  icrlte  sous  le  forme  sutvanle ; 


(7)  q;1* 


avec 


!■« 

r  eetle  formultUon  tcKrt  Its  spectres  h  eonfoodenl )  btule  frequence  quelle  que  soil 
ttchelle  to  turbulence  (f  ljure  I). 

It  prist  tn  cempte  du  to>fi  to  llbtr U  to  Unpag# *  ***  y#>d*  ta'perUnc*  sur  I*  rbtoit  to 
I'tvloo  tn  tccilirtllen.  Scr  It  ft?wt  2  on  ccmpjre  Its  dtnj  is  spttlrtfts  to  pulsstncc  tftccilirtUon  pour 
un  tvion  i  in  stul  topi  to  liber ti  me  It  ms  tout  dt^rh  to  liber  ti,  Co  ptul  r»tec  pull  y  a  unt  ripens* 
plus  Important*  i  btsse  frioutrce  dins  !e  cts  du  seul  mscntmenl  vtrtlMl,  tlque  cts  riponsts  diptndent 
btmceup  to  It  vtleur  to  t .  Au  conlrtlrt  dtns  It  cts  ou  Ten  Utnl  ccmpt#  des  mowemenls  to  Unqtge  tl  to 
pomptqe,  Its  nlvetux  to  riponst  soot  plus  Impcctanls  tvloir  de  It  friqutoce  <rose!llttlen  dlnddence  tl 
meins  sensible*  1  It  vtleur  de  l  ,CXi  «ut  mettre  I*  ripens*  tn  KcilirtUen  sous  It  form*  sulvtnlt : 


An* 


V  K, 

immmm 

C<fc  P* 


oC^|  eslte  coefficient  riduild’tttfnotUcndtraftlttssoclii  vs  tlqul ptuts'krlrt  tlnsl; 

(0) 

Dtns  ctUt  fermoltllen  dt  K|,^|k)  tsl  It  feneUcn  dt  Irtnsftrl  to  Itvion.^k)  rtpristnU  Its 
tlftls  d«  porltnc*  InsUlloontlrt,  ^  U)  prtnd  tn  comp  It  I*  vtritllon  tn  tnverqure  to  It  rtftle,  el 


iw- 


jMW 


«l  It  denslU  soeclr tie  rlduIU  de  puissance  de  turbulence.  J.C.  HOUOOIT  t  preposi  poor  les  foncUoos  ftk) 
el  yk)  Its  formulillons  sulvtnlts  :  ' 

(9) 


el 
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Conntlsstnl  It  foocllon  d«  Irtnsftrl  de  I'tvion.ll  tsl  possible  de  ctlcultr  It  vtleur  *exacte* 
de  K-j  .  Mtlheureustmenl,  tm  Ul  Irtvtll  n'tsl  pts  ritlistble  qutnd  II  s'tgll  de  Irtlltr  plus  to  dlx  mlilt 
donnies;  en  consignee  H0U6&T  t  cherchi  une  formule  tpprochie  Iris  simple  qul  doonerilt  une  bonne 
approximation  de  It  vtltur  ’exKle*.  Une  ilude  t  porli  sur  un  ctrltln  nombr#  dtvlons  diffirenls  el  a 
montri  qu\x>e  tpproxImtUon  xceptable  de  It  vtleur  to  K  j  pewtll  ilre  donnie  ptr : 


(II)  Kr.95r/jr 


En  ullllstnl  I’ioutUon  (7)  on  peul  diterminer  le  coefficient  dtlUnuallon  do  rtftle  K  : 


(12) 
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ttitt*urtustm«nl.  Itt  risylUts  chUnus  par  It  mlltode  de  HQU60.T  mentrenl  bts  Icarts 
povrtnl  tiler  Jusgo'i  10S  *vtc  I*  v*ltur  "tiacU*  de  K.  dlduUe  de  tlnuiUoo  (8). 


lHd.Avaabaflfifa 

On  vitfll  de  dkrlre  Id  troll  des  mllhedes  Its  plus  ccoramment  otlllsles  poor  p»str  des 
ftcleors  de  charge  m  vaieurs  de  rafale*  Ce*  trots  mllhcdes  ml  bisits  tssenUtllemenl  sur  ftUKstUen  du 
PK*r*\rt  de  mtsse  u ;  It  premiere  (fermvle  do  PRATT)  part  fun*  description  Iris  single  d<  It  rafale,  et 
dldull  It  vtlcur  de  ft  turbulence  de  1‘KCilirtUw  vtclktle  de  lavten;  It  secnnde  ti  It  trolslime  repgsent 
W  Ihypolhlse  de  turbulence  continue,  It  method*  rfe  HAU  en  prtntnl  on  seol  degrl  d<  liberll  poor  It 
mouwmtnl  de  lavlon. It  mltftcde  dt  HCUSCtT  en  utlllstnl  its  dm  degrls  de  liberll  de  corps  rlglde  poor  It 
mictnio*  do  vet;  cts  dto*  tpprochts  fcurnlssenl  des  formulations  slmoles  *t  prennent  to  comple  It  vtltor 
de  1‘fchellt  Migrate  de  lurboltnce.  On  peut  tiers  {Ire  |Umr  par  te  ftltqoe  It  turbulence  cenllnge  tl  Its 
mllhodes  de  dtnsill  spectrale  seltnl,  ullllslts  po»r  oblenlr  des  vtletrs  dlntensHi  de  rtftle  Isolie  i  parllr 
des  accltiratlens,  ptr  te  pills  des  guanlUis  K  et  Mq  ,  Hits  ced  «t  acceptable  ctr,  w  ceors  de  st  vie,  on 
*vteo  rencontre  de*  rtftlts  de  difflrenlts  longueurs,  It  distribution  de  c«  longueurs  correspond^  l  It 
densitf  spedrtle  de  puisstnce  de  turbulence 

Ccmotrons  mtlnUowl  Its  vtlturs  de  K  ebltnuts  ptr  Its  mlthedes  de  PRATT  et  be  BC08CLT, 
en  function  do  parsmltre  de  mtsse  /i.  Its  riiulUts  soot  dentils  s or  It  Figure  3  poor  difflrenles  vtleors  de 
ftchelU'  de  turbulence  On  pevt  wostaUr  ooe,  )  It  fols  Its  viteurs  el  It  forme  des  coortvs  sent 
essentteitcment  difflrenles,  ce  qg{  oemOte  veoiolr  dtre  outme  de  ces  formoits  esl  fausse, 

Prenoos  maintenanl  les  vtlturs  de  K  diUs  *ext etas*  donofes  ptr  llntfgrala  (0).  el 
comptroos-lts  »vtc  Its  vtltors  obtenues  ptr  It  footwl*  de  HOU60LT  (12).  Le  tableau  (I)  down  cetle 
compartiscn  porlanl  sor  15  configurations  de  vol  Iris  difflrenles  de  806MG  747,  poor  one  Ichelle  de 
i<xbole«ede750m 

Comrrve  on  pevt  le  voir  sor  ce  Ubleau.on  treuve  des  Ictrls  tlltnl  Jusoo'i  IDS  entre  les  dm 
vtleors  de  K,  mils  dont  It  moyenne  se  sftue  aulobr  de  5S.  Alnsl  on  peot  dire  got  It  formole  de  H0U60LT 
donne  des  rlsuUtls  accepUbles.  ce  oul  monlr  e  cot  It  formole  de  PRATT  ne  doll  plus  lire  considlrer  cemme 
vtitble  Cependant  des  Ictrls  de  I'ordre  de  5  i  I0S  pmtnl  lire  It  ctose  <flearts  plus  grtnds  sor  les 
coortts  de  d!pts5emenl,  U  fauldonc  Iroovtr  une  tmlilortUon  simple  i  celte  mkiwde. 
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kg 

TAS 

knls 

ALTITUDE 

a 

HACH 

D 

EXACT 

iKXJoar 

n 

-  275300 

355 

9931 

.538 

28.60 

.540 

.507 

Bll 

255400 

491 

33028 

.811 

55.26 

.634 

.710 

>32 

3)7800 

373 

9902 

.578 

33.11 

374 

546 

-4,9 

,  213700 

293 

5512 

.460 
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.454 

.415 

-8.6 

202100 
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.584 
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-1.0 

207600 
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.529 
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230400 
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-5.0 

269600 
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32906 

.829 
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.696 

.726 

+4.3 

244000 
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35133 

.850 

54.23 

.669 

.699 

+45 

287500 

515 

30954 

.831 

56.03 

.689 

.717 

+4.1 

233700 

513 

36074 

853 

5339 

.665 

.697 

+4.7 

222300 

205 

3843 

.313 

1527 

.413 

371 

-102 

312800 

451 

18110 

.706 

4150 

.621 

.612 

-1.4 

315900 

230 

3283 

359 

21.91 

.486 

.444 

-8.6 

236700 

4S8 

25722 

.733 

39.18 

.603 

594 

-15 

Tableau  (1) 
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Ui=g.atlbtttfeA  HttJPOLT  ^frrflTorfa; 

te  Ufeftm  (llnvjntrt  d«  Eesrls  h^tWs  pour  t«  pttltts  vtlwrs  dt  u  ticks  k»rts  poslUfs 
Mur  Its  prtndts  vtltws.  Ctci  <5cooc u* Idi*  vt?  I*  faceo  dt  modifitr  it  fercnul*  (12) : 


eO  b  «l  h  delvtnl  fir*  dfUrmlnfs  ptr  wt  roflho<5«  dt  motadrt  ctcris  tppllqwit  s or  Its  vtltvrs  do  Ubltto 
(»),  tWqwwtftl  p IS  cenflgurtUeftS,  tt  Ml  nkttstirt  dt  ctlctdtr  IlnUgrtle  (8).  Its  mlllltfi 
<r«vffttmtnls  toft$!$tiis  f*  dehtftl  tlrt  IrtlUs  qot our  It  fonwlt  (14),  c*  qul  Ml  Iris  cettwodt  i  ftlrt. 
l»  (8),  «i  prtndrt  ,  commt  vtltgr  dt  fyk)  poor  It  meovmtnt  rlcjtdc  dt  |‘  *4on  (2  dtyis  d* 


llbtrU) . 


o-l  #/*  Ml  It  cotffldtnt  dVnortlssmnl  do  rrvedt  d«  Un^t  dt  I'tvioo,  Lm  risulUU  do  llsstgt  ptr  roolhdr* 
ctrrfs  sonl  wistntfs  sur  it  fljwt  (4) .  11$  &cv*nl  poor  vtlturs  dt  b  tl  h ; 


b -0.846 
b  «  0.0035 


Its  vtlturs  dt  K  pew  Its  IS  configurtUeos  pristnlfts  ont  iU  rtctlculiti  p*r  It  Tocmult 
( 14)  tl  Its  r Mulu Is  n$w*fti  d*ns  It  Ubltto  (2). 
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TAS 

Jcnls 

ALTITUDE 

a 

MACH 

m 

K 

EXACT 

K 

HC 

Hi 

27S300 

355 

9931 

.538 

2860 

540 

535 

-1.0 

255400 

491 

33028 

.011 

5526 

.684 

678 

-1.0 

317800 

373 

9902 

.578 

33.11 

.574 

567 

-12 

213700 

298 

5512 

.460 

19.13 

.454 

.451 

-0.7 

202100 

477 

28970 

.765 

37.08 

.584 

592 

♦  1.4 

207600 

474 

21036 

.748 

29.41 

529 

541 

♦25 

230400 

397 

17464 

.635 

29.05 

533 

538 

wm 

269600 

SIS 

32906 

.829 

58.44 

696 

.689 

-1.0 

244000 

530 

35133 

.8S0 

5423 

.669 

mtf.w 

♦0,7 

2B7S00 

SIS 

30954 

.831 

56.03 

.689 

.685 

-0.6 

233700 

513 

36074 

.853 

53.89 

.666 

.673 

*1.1 

222300 

205 

3843 

.313 

1527 

.413 

.408 

-12 

312800 

451 

181 10 

.706 

41.50 

.621 

617 

-06 

315900 

230 

3283 

.359 

21.91 

.486 

.479 

-1.4 

236700 

4S8 

2S722 

.733 

39.18 

603 

.604 

♦02 

Ttbleto  (2) 

Otfislt  Ubltto  (2).  KKr#pfMtnU  It  vtltor  dt  K  H0U6CX.r  mcdiflt*  poor  It  formoIt(M). 

On  ptul  voir  ImmMIttaritnl  sur  ce  Ubltto  qot  Its  ictrls  entreK  Wecl*  «l  sent, 
milnUnint  Ilmitis  i  7%,  ct  qul  Ml  tool  i  fail  accepUblt,  It  mimt  procidurt  t  itf  tppllqoi#  i  it  fjotl#  d* 
BAG  1 1 1  tl  BOEING  737  de  British  Airways  i vtc  It  mimt  soccis. 

En  rtsumi,  II  stmblt  qot  It  mtllltor  moytn  pour  ptsitr  dts  vilturs  dt  Aw  tux  vtlturs  dt 
torbultnce,  tsl  tfbtlllstr  It  milbsdt  HOUBOLT  tmillorit,  tn  'ctllbrtol*  It  formolt  (14)  par  un  cilcul  txacl 
sur  on  ptUl  nombre  dt  configurations  dt  voi  dlfffrenlM,  tl  tnsoiU  dutlllstr  ctlte  formule  poor  It 
(filUnitnl  dts  loutts  les  doonits. 


Hl-Sfiisuitsts 


U  du*  grande  pxlle  des  dswies  qut  Too  ptul  uUlistf  pcovted  tfenreghtremeftts  effectuh 
par  British  Airways,  poor  des  vtc fallens  de  facteur  d*  charge  Supirltyr  }  03  g,  et  poor  leswels  eo  a 
enlevi  Us  charges  (}««  av*  ffvKw^rej.  £fl  6  wits  dWegiitremenl,  sur  0  types  ifappaf*l|,  British 
Airways  *  walysi  1209*562  kurts  <k  vol,  out  Si  riparUssenl  dntre  autres  comme  cecl  . 

540949  text*  sur  BOf.iW  747 
177092  Mures  sur  BCCIRC  737 
101484  Mure*  surBAC  l-ll. 

Pew  levs  cts  types  dfaffos,  It  profit  4#  vcl  moyM  til  cooou, 

l*  melllture  facon  de  liiltr  l«  mlthodes  pricidemmtnl  exposies,  tsi  do  falre  oes 
ccmpaciHoos  its  descrUUoos  des  turbulences  dldultas  des  mesures  sur  cm  diffirents  typts  Moos;  jl 
one  mllhode  est  acceptable,  cts  descriptions  dolvtnl  lire  pooches  IWe  de  lautre. 

Its  trois  milhodes  cot  Hi  utilities  pour  IrtlUr  Us  doodles:  U  fermuU  de  PRATT,  U  formula 
de  HAIL  jvsc  un  spectre  dt  0RV0£W  et  Its  mlthodes  dt  HCD6CLT.  I*  fermuU  de  PRATT  n’t  pas  permit 
dobtanlr  we  description  de  U  turbulence  cehlrenU  1  per tlr  des  dewiles  enreglstrles  sur  Us  diffirents 
typ«  dWcn.  Its  Rgurts  (5),  16).  (7),  (8)  mootrent  pour  chawe  tranche  tfalUtude,  It  oombrt  per  1000 
mllles  navtiques  d*  dtpasstmeftls  din  niveau  deed  de  turbulance..  Cts  rlsuiUls  col  111  obitnws  me  li 
formult  do  H0U8CCT,  mils  Its  vtlturs  emits  per  U  milhede  de  HAU  scot  Iris  preches.  Us  dm 
mitMdcs  dooneni  prelioutmtol  U  mime  description  de  Is  turbulence,  qutlqut  sell  larrfoo  qul  a  ser\4  dt 
support  4  te  mtjure.  its  plus  greeds  ieerls  arnvtnt  pour  Its  plus  besses  altitudes,  probablemenl  4  cause  du 
SAC  l-l  I  oul,  per  son  utilisation,  vote  Iris  souvtnl  4  une  altitude  Inflrlture  4  10000  pltds, 

£n  coocluslen  on  ptul  dire,  <?ee  la  mithodt  de  H0U6CLT  fournll.  4  perllr  dts  An  enreglstris 
sur  in  type  davicn.  des  probabilltfs  de  nlwaux  de  lurbuitoce  qul.  appliques  4  w  auire  type  crappare!l, 
prWlstnl  me  we  boooe  prldsico  les  dlpesstmeols  de  niveau  de  ficteur  de  charge.  II  est  ainsl  clelr  que  la 
milhodt  dt  riduclioo  dt  HOUStXT  tst  w  boo  outil  pour  U  certification,  au  moins  pour  Its  greodes 
lurbuleoces  audits  4  des  Ansupirleurs  4  03. 


lll-*5  Discussion 


Dot  auire  quesUen  est  dt  savolr  si  la  technique  de  HOU30LT  ptul  foomir  got  boooe 
description  de  I'etmospnire  physique  rielle.  II  stmble  we  I'on  pulsse  dire  cue  celle  description  nest  pes 
Iron  mawelse  globeltmenl,  pour  Us  fortes  rafales  sit  y  a  w  oombre  sufflsanl  de  dipessemenls  du  niveau 
de  turbulence  <Je  rifirence.  Pens  de  lelles  coodlUoos,  on  peut  penser  que  I'effel  dlmpridsion  du  aux 
peramilres  inconnus  comme : 

-  fooction  de  transfect  ritlle, 

-  valeur  exact#  de  a  { fy), 

-  valeur  de  Tithelle  de  turbulence, 

-  fcoclion  de  Irensfert  exacts  du  plloU  eulomellcue, 

estmoyewi. 

Celt*  conclusion  n'est  valeble  cue  pour  Us  vols  British  Airways,  pour  Usquels  charges  d# 
turbulence  el  charges  de  manoeuvre  onl  iti  delrement  siparies,  de  ce  felt  les  risuitats  montrent  des 
cowbes  dt  dipassemtnls  symilrlcues  pour  des  rafeUs  positives  ou  nigetlves,  Matheureusement  cell* 
sfpirstlon  n'a  pu  lire  falU  pour  I*  plupart  des  enreglslremenls  (feu Ires  flolles.  Sur-  Us  B06IHG  747  de 
British  Airways  et  pour  des  An  suoirlews  4  05  g ,  2SS  des  ivine meets  correspondent  4  des  manoeuvres. 
Comme  les  manoeuvres  donned  de  fedes  eccillrellons  sonl  reres,  II  est  blen  clelr  cue  ce  pourcentage  ve 
augmtnler  pour  les  foibles  facteurs  de  charge  eu  moins  4  basse  altitude;  dans  ce  ces  Us  coorbes  <U 
dipessemenls  de  rafales  positives  et  nfgaUves  ne  sent  plus  symilrlcues,  avec  w  plus  grand  nombre  de 
valetrs  pistUves.  Cesl  ce  que  Ton  a  observi  sur  les  tnreglslrtmenls  provtivd  du  NIR,  igalemtnl  sir 
B05IHG  747,  mals  oO  les  manoeuvres  el  la  turbulence  n’ont  pas  ill  siparies.  Dans  la  tranche  dlltltude 
0-5000  pltds.  Us  nombrts  de  dipisstmeds  (facclllratloo  posiUve  et  nigatlve  supirleur  &  0.3  g  sonl 
respeclivemenl  !452  et  449 ;  Us  onl  tendance  1  devenlr  igaux  pour  des  An  suplrlex  4  05  g. 


lY-CQgLUSIQl 


Citudt  pristfitft  Jcl  rtpost  W  r*o»ly?MS  de  plus  tfuft  million  dt  vols  cemmird** 
dt  differ  tnlts  cwro^itt  (CdUsh  Alnriys,  Air  friftet).  flit  tmistn  lumlkt  Its  petals  sulv*.\lj : 

-l*  format  de  PftATT  doll  iirt  ttxtenAt  cr  elk  iboullt  I  dts  dtscrloltatt  dt  ritowc^re 
InceAfc-tnUs,  ctsl  i  dire  difffrtntts  It  lypt  dwlen  sir  Uqotl  Its  taforrosUons  onl  ill  colkcUes. 

-t«  formute  it  HMl,  me  in  cM*  ttwotcii  tl  rtisonntMe  dt  I'khellt,  oucuill  i  «* 
dtscr  fplfM  ccfifrtnlt  it  U  turbulence,  r  tUUvtmtnl  tadfptndxtU  dts  types  tftvton  consider**. 

*U  mtlAodt  dt  IKW3CCT,  surtout  dtns  ji  form*  omflteri*  itllt  it*  f^wii  l<J,  fugrnll  w» 
tawt  dcscrlptfcn  it  ftt iraitfikt,  mils  tilt  nfctsslU  in  **Uk«»8t*  dt  It  foctwlt  qut  conduit  1  dts 
ctkulj  plus  ImpprUnls  sir  in  nombr  t  limit*  d<  confl  jurttkns  pour  tn  *vion  dt  typt  dew* 

-Pour  Its  f cries  Urbuftnets,  It  nombrt  moytft  do  dtptsstnwnls  ptr  mill*  Mullout  din  stun 
dt  rittrttKt  dfcroli  t*p«n#nU#iiT*ftt  mc  ct  stull. 

-Pour  Its  filblts  fwtiut  dt  lurbultoct,  IV,Urprf ullon  di?  mtsurts  esl  Irh  efllctU.  c»r 
Its  KctlfrtUcos  dots  *«  mtnotwrts  rtprdstnttnl  in  pourctnbj*  Imperial  dts  dtptsstmtnls 
wrtjistrh,  ti  II  nt  sem&le  pts  possible  xtutlltmeM  dt  s*prer  Its  dew  c*s  dt  manoeuvre  tl  dt 
UrWtnet. 


Figure  S  :  Mb  de  dipaaaoeent »/i 000  MR 
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simur 

Mind  jhtir  hazard  Investigations,  flight  slwlatlon  for  pilot  training  as  well  as  design,  development  and 
testing  of  flight  control  system  require  suitable  wind  oodels.  Basing  on  flight  test  data,  airline 
flight  data  and  Mteorologfcal  tower  MasureMnts,  engineering  models  for  dangerous  wind  shear  situations 
have  been  developed  In  th«  fra*e  of  different  wind  shear  research  projects-  Oerlved  from  simplified  fluid 
dynamic  concepts  the  engineering  models  for  dewnburst,  frontal  wind  shear  and  low  level  Jet  Met  the 
requlreaents  for  real-line  flight  simulation.  The  comparison  of  the  wlndmodels  with  measured  wind  data 
show  good  accordance. 

For  the  analyses  of  simulated  landing  approaches  In  wind  shear  conditions  a  hazard  definition  Is  given  by 
•eans  of  aircraft  energy  height  deficit,  respectively  the  required  energy  supply  for  landing  approach  on 
nominal  glide  slope  and  constant  air  speed. 


list  of  Symbols 


c 

Energy 

XM 

Mind  azimuth 

e 

Coefficient 

Y 

Flight. path  angle 

f 

Coefficient 

C 

Aircraft  weight 

Ref 

Reference 

9 

Constant  of  gravitation 

H 

Height,  altitude 

H£ 

Energy  height 

A  He 

Energy  height  error 

»0 

.Surface  roughness  height 

k 

Yoh  (Canaan's  constant 

m 
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SysttMtle  analyses  of  wind  shear  effects  on  flight  safety  require  U>e  «j»  of  slwlatfon  technics  and 
consequently  the  IwpleMnutlon  of  suitable  wind  •sikli.  Specifications  for  these  wodelt  are  on  the  one 
hind  *  sufficient  MthtMtlcal  description  of  the  flow  field  and  on  the  othor  hand  *  sls^le  MthtMtlcal 
structure  to  wort  u  adequate  expense  under  condition  of  r«*l.  Um  stMlatton.  Tor  th«  «ost  pert  of  th« 
Investigations  th«  aeronautical  engineer  My  concentrate  on  the  design  of  quislitulgniry  fluid  dynmle 
engineering  wdels. 

this  engeneerlng  wodels  substantial  differ  In  design  Mthod  <nd  wodel  structure  fro«  that  used  In  the  ires 
of  aeteorology.  Unsteidy  Mteorologlcal  wind  aodels  described  by  extensive  simulation  progress  ire 
generally  unsulttble  for  application  In  flight  slwuUtlen  because  of  the  MtheMtlca)  exptnse  end  the 
unsuffiefent  horizontal  end  verticil  resolution. 

Turbulent  wlndproflles  i ay  be  sepinted  Into  i  low  frequency  trend  *nd  turbulent  fluctuitlons  of  wind 
speed  (Flg.l).  In  so m  cites  gusts  ire  considered  for  the  description  of  nonho«eyjntous  desturbinces. 
The  definition  or  Min  wind  Is  nther  difficult.  Using  etrth  fixed  sensors,  i  temporal  ivenglng  Is 
performed  for  etch  Misurlng  point,  lut  the  question  for  the  right  ivenglng  Intern!  Is  difficult  to 
inswer.  In  mny  cites  of  Mteorologlei!  lower  *eiture«ents  i  10  xlnute  iIm  tveroge  Is  ututl.  In  the 
else  of  tlrbornf  wind  MisurcMni  the  Mtn  wind  hts  to  be  celculited  fro«  the  Instantaneously  sexpted 
profile  ilong  the  flight  pith  by  Mins  of  tow  piss  filtering  (Flg.l).  The  choice  of  the  Km  constint  of 
the  filter  is  the  critic*!  point  Instead  of  avenge  Interval.  A  suitable  crlterle  It  to  be  found 
supposing  that  the  separated  tubulence  hts  to  be  stationary  with  regtrd  to  the  Min  of  the  turbulent 
portion. 

This  piper  will  concentrate  on  engineering  aodels  only  for  low  frequency  Min  wind  prof  Us.  The  ilrcnft 
response  on  wind  shear  Is  quite  different  froa  the  reaction  on  turbulence.  In  the  case  of  wind  sheir  the 
Min  wind  considerably  influences  the  stile  of  the  ileraft  energy.  Hence,  wind  shear  hazard  definition 
can  be  expressed  by  aircraft  energy  deficit.  For  landing  approach  It  Is  possible  to  formulate  hazard 
dlf Ini tion  Halts  In  a  rattier  staple  way. 


2.  WIND  SHEAR  CHARACTERIZATION  AND  HOOEtlHS 


In  the  planetary  boundary  layer  wind  shear  can  exist  under  a  broad  variety  of  weather  conditions.  The 
win  Influences  on  usual  boundary  layer  wind  profiles  are  surface  roughness  and  stability  of  the 
atiwsp'nere.  In  addition  to  the  ordinary  wind  shear  situation,  found  In  the  planetary  boundary  layer, 
there  are  three  basic  wind  conditions  which  way  restrict  flight  safety  during  tike*off  ind  landing: 
downburst  and  uleroburst  cells  In  connection  to  thunderstora  activities,  or  high  cuwulus  clouds,  fast 
•ovlng  cold  or  wir«  fronts,  and  the  low  level  jet. 


2.1  BOUNOARY  LATER  VINO  SHEAR 

In  general  the  planetary  boundary  layer  I*  divided  In  two  different  horfzotil  liyers  (Fig. 2).  The  surfice 
layer  (the  so  called  PRARDTm.iyer)  Is  the  lower  portion  of  the  atxospherlc  friction  Uyer.  The 
PRAHDTLM.iyer  extends  up  to  ibout  50  *100  e  above  the  surface  and  describes  I  region  of  approxlwtely 
constant  shearlng*stress  and  only  snail  change  In  wind  direction.  Above  this  layer  there-is  a  region  of 
transition  fro*  the  disturbed  flow  near  the  surfice  to  the  frlctlonless  free  utsosphere.  This  height  Is 
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consldenbty  virlible;  U  cm  go  up  to  acre  thin  1000  a.  thert  ir*  1  nwafcer  of  aodel*  for  thj'aein  wind 
profit*  villd  for  Ok  HUWTlAiyer. 

The  aou  widely  wted  profit*  for  this  tiyer  li  fBWiOtl's  tegirlthale  wind  profit*  IFIj.3  ind  eq.l).  ttc 
wind  speed  with  rtjptcl  to  height  -S'*  function  of  roughntst  length  «4  friction  velocity,  which  deptnds 
on  sheir  stmt  ind  ilr  density, 

V*TMnTC  U» 

£ 

At  Ok  tojirlOnlc  I w  It  vitld  only  for  adltbtifc  iiaespherle  conditions  wny  other  aod«ls  hiv*  b**n 
developed  for  th*  cut  of  non'itfUbUlc  condltlont,  Host  of  the*  ire  ippllcttfent  of  KCaHKWUtHOT 
stallirtty  theory  with  different  untversil  functions,  the  welt  known  logirlth*lc»Hn*ir  profit*  It  * 
staple  foot  of  this  approach.  In  this  cm  4  llneir  a  lot  height  varying  t«o«  Is  idded  to  PMhOtls 
idfibittc  profit*,  depending  on  sttbHIty  of  th*  itaolphere  (fig. A). 

Cne  of  the  west  staple  and  for  flight  stwtillon  wtoely  used  eaptrtcil  wind  aefel  Is  detcrlbed  by  th* 
po-tr  t»w  (Ffg.J  ind  «q.2).  Tn«  eipretslen  Ypjf-  r*f*r*  to  thp  wind  tp**d  *t  reference  altitude 

II  * 

the  eiponent  a  dependt  on  surfice  roughnets  and  stability  of  the  at*ctphere.  K*ny  Investigations  In 
detemlnlng  the  value  of  a  is  *  function  of  thet*  pariaeters  have  bttn  carried  out  ifor  esaaple  Bef.5). 
rtg.(S)  Illustrates  that  the  power  tow  gives  *  9004  approslaatlon  of  aeatumd  wind  profiles  up  to  so** 
hundered  aeters  of  height.  Furthermore  this  figure  demonstrates  Out  the  neglectlon  of  wind  direction 
chtnge,  is  considered  for  the  P^AxOtl-tayer,  It  not  genenly  vitld  for  the  wnole  boundary  tiyer.  In 
principle  the  wind  direction  Is  chmglng  clockwise  on  northern  htanltphere  fro*  the  routing  surface  of 
the  eirth  to  the  boundiry  tiyer  .  The  thing*  of  direction  It  extreaely  virtaye,  anting  iny  quantiwMve 
Investlgitlons  nlher  difficult. 

The  first  theoretics!  stud/  of  wind  veering  for  lialnir  flew  condition  ted  to  the  well  known  tsKUMpIrit. 
But  It  glvet  only  1  quantitative  dlserfptlon  of  direction  chinge  with  respect  of  height.  A  staple 
ipproxlmtlon  for  the  turbulent  flew  type  his  been  published  by  WAHDTi  (Sef.JJ).  This  ipproich  seeat  to 
be  sultible  for  ipptlcitlon  In  flight  slaulitlon.  In  eq. (3b)  the  devtition  fro*  the  wind  direction  of 
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li  the  veering  enjlt  Mtween  vtftd  direction  U  Might  Ky  end  K{. 

Sow  examgl»*  for  tM  comparison  b*t»*vn  model  and  measurement  art  Illustrated  In  Ftj.(S), 

It  wit  M  mentioned  that  the  sMpt  of  wind  profit*  can  M  Influenced  by  meteorological  end  (frogrxphlc 
conditions  Ilk*  (nhgmogenlty  of  the  atmosphere  end  terrain,  les-ef feels  of  hills,  etc.,  wMch  «4»  not  b < 
pointed  wi  (a  detail  In  this  paper.  An  Illustration  for  th«  influence  of  temperature  Inversion  to  wind 
speed  and  direction  It  given  (a  rig. (7). 


2.2  to*  level  Jot 

Tlx  t«m  'low  t***t  Jot*  Is  used  to  descrlM  wind  pMnomena  of  tho  lower  port  of  the  boundary  layer, 
characterizing  Jot  Ilk*  wind  profllot  Nlth  o  lew  altitude  wind  maximum.  This  k<r>4  of  wind  promos  Ms 
Mon  observed  In  connection  with  specific  locol  terrolns,  iMrmel  effects  In  mounts! n  vally  rtglons, 
frontal  activities,  end  tho  nocturnol  boundary  layer.  Usually  the  nocturne)  low  level  Jet  Is  to  M  found 
In  the  time  M tween  UU  afternoon  »nd  morning  under  deer  nocturnsl  sty  when  *  strong  radiation 
temperature  Inversion  develop!,  locsuso  of  the  stronj  stability  In  the  Inversion  Uytr  friction 
disappears  and  the  unbalanced  Coriolis  and  pressure  gradient  fortes  produce  en  eccelliietlon  of  wind 
speed.  *ef.<  doserlMs  the  evolution  of  low  level  jet  es  »  nosutlonary  process  where  the  vector 
difference  Mtween  th*  actual  wind  end  the  jeostrophlc  wind  Is  rotetlnj  neerly  circular  eround  the 
jeastrophle  wind  (inertlel  oscllletlon,  see  F|g.(8)). 

In  the  northern  pirt  of  Cemany  the  low  level  Jet  can  M  found  eppro»t«etely  In  10  percent  of  *1)  nljhts, 
Fence  i  a  lot  of  data  Ms  been  collected  In  the  last  years  by  «eans  of  tc»er  and  aircraft  measurement 
IPef.7,  8,  I).  Fig. (8)  shows  a  typical  low  level  Jet  sanple  recorded  durlnj  a  wind  shear  measuring 
project  by  wans  of  a  IWIHAnSA  AIMttf  A  300.  A  wind  maximum  of  the  1.8-fold  value  of  geoilrcphlc  wind 
speed  and  the  e.S-fold  value  of  reference  $peed{!^ef*10  *)  was  eoserved  as  well  as  a  cMnje  of  wind 
direction  of  about  JO  dd'jrees  In  a  vertical  layer  of  300  m  Might.  Investigations  In  the  plains  of 
northern  Cerweny.  carried  out  by  two  300  m  hljh  meteorological  towers  (Ref.J),  show  a  cycle  period  of  lt,S 
hours  for  the  Inertial  oscillation.  Durina  uM-nfr  m*  annwuurh  8  Mam  *«i  »  (nwl  «—  «-/  »tl.J 
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Is  passed  In  only  one  or  two  nlnutes.  In  th(s  case  the  temporal  evolution  Is  not  relevant  and  modeling 
can  concentrate  on  ouist-suitonicy  enjlneerlnj  models.  Velocity  profiles  like  low  level  Jet  wind 
profiles  have  Men  observed  In  fluid  dynanlc  research  of  free  Jet  and  wall  jet.  As  a  first  low  level  Jet 
approximation  a  superposition  of  a  boundary  leyar  profile  (for  Instance  the  power  law)  and  a  plane  free 
Jet  velocity  profile  Is  used  (see  flj.10).  Masured  data  and  equations  for  the  free  Jet  have  Men 
published  among  others  by  Ref.10  and  11. 


Describing  the  wind  direction  with  respect  to  helgt  a  proceeding  similar  to  the  wgnltude  of  wind  speed  Is 
used.  In  comparison  to  the  direction  profile  of  the  boundary'  layer  (eg, (5)1  the  superposition  of  a 
suitable  function  Is  Intended.  The  principle  procedure  Is  Illustrated  In  Pfg.lll}  and  eq.(7). 

For  a  large  number  of  data  records  a  comparison  of  measured  data  with  modeled  low  level  Jet  has  Men 
carried  out.  The  examples  of  tower  data  (Flg.IZ)  and  aircraft  date  (Flg.lJ)  art  In  good  agreement  with 
the  model. 

Derived  frox  Soviet  measurtaents  (Ref.12),  worst  case  profiles  for  the  low  level  Jet  have  Men 
approximated  (see  Flg;M)  by  using  model  eq.|6)  and  eq.17). 


2.3  F»C*IM,  Wlxo  SWfM 


&rl«|  in  pmeyt  of  fist  poring  cold  or  ver*  fronts  considered*  wind  sheers  «j*  develop*  «fa«  to  ehenges 
of  wind  direction  eheed  end  behind  the  frenul  Hoe.  Ispeclelly  Strong  fiwt!  with  sherp  treajltlon  tone* 
me/  effect  eircreft  operetlon.  rig. IS  lllustretes  the  principle  deeelopmst  of  metiorologleel  perimeter* 
l (to  wind  speed,  wind  direction,  uwpereture,  end  etmespherle  pressure  during  uk  pusege  of  e  frontel 
system  (cyclone).  In  Ok  wnge  of  the  wem  front  ww  efr  dtsplem  th«  cold  elr  while sliding  upon  the 
cold  elr  situated  ahead  Ok  front  Hik.  If*  nieimel  change  of  wind  direction  I*  about  50  degrees.  in  the 
following  cold  front  tone  told  air  Is  flcwfng  beneeth  Ok  wan*  iff  ahead  to  Ok  front  line.  the  Mod 
direction  changes  of  about  US  degrees.  A  wind  speed  change  of  about  IS  «/s  and  *  vertical  Mind  speed  of 
4  «/*  (updraft)  can  bo  observed.  In  principle  similar  conditions  as  described  for  cold  fronts  are  to  be 
found  In  putt  front*  In  connection  with  *  thunderstorm  outflow. 

A  mathematical  description  of  Ok  velocity  field  In  the  front  lino  region  con  bo  generated  b/ 
superposition  of  vortex  Induced  flow  velocities.  The  principle  proceeding  I*  shown  In  Flg.U. 

Another  approach  It  bated  on  a  fluid  dynamic  description  of  streemsurfece  bifurcation*.  local  solutions 
In  Ok  vlnclnlt/  of  strew  surface  bifurcation  lints  {tee  eg.*),  obtained  for  ok  8AVIM.SJWU  and 
continuity  equations  b/  *el.U  can  bo  adapted  end  modified  for  0>e  problem  of  modeling  frontal  wind  shear. 

u  •  «  *  *  f  H 
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The  front  slept  tnjle  u  It  determined  by  the  coefficients  e  and  f  In  eq.9: 

tmb  -  -2  e/f  (9) 

An  example  for  *  modeled  fronts!  velocity  field  It  sl(own  In  Flg.U.  the  lower  part  of  this  figure 
lllustretet  magnitude  end  end  direction  of  Uk  wind  vector  along  e  3  -glide  slope,  compered  with  meetwred 
dete  ttef.ie). 


2.4  THWOCPSTOhM  OUTFLOWS 

The  thunderstorm,  with  typical  efftets  like  strong  downdreft,  severe  turbulence,  flesh  light,  end  hell 
showers,  Is  well  known  to  be  dingerous  to  aviation.  A  number  of  fetel  end  near-fatal  accidents  In  the 
lest  20  years,  which  heve  been  ettrlbuted  to  thunderstorm  wind  phenomena,  fnitleted  world  wide  reseerch 
ectlvlties  In  heterd  Investlgetlons  end  downburst  mcdeMng.  Different  bislc  modeling  techniques  heve  been 
used.  One  method  Is  the  construction  of  wind  components  from  meesured  dete  by  Interpoletlon  between  the 
grid  points  (ftef.lS).  A  second  way  consists  of  the  use  of  4/naalc  meteorological  models  (Xef.l),  In 
generel  these  models  ere  too  extensive  to  be  used  In  reel  time  flight  slmletlons.  The  third  technique 
for  the  peneretlon  of  downburst  wind  fields  Is  besed  on  relettvely  simple  fluid  dynamic  epproeches,  A 
number  of  different  concepts  hive  been  published  in  the  lest  yeers  lltef.U,  It,  25).  In  this  piper  two 
other  concepts  will  be  discussed: 

As  the  downburst  produces  e  flow  like  e  verticelly  downwerd  directed  Jet,  which  sprteds  out  horizontally 
*s  it  epproeches  the  ground,  the  first  one  uses  e  study  jet  flow  towerd  i  stegnetlon  point  for  the 
description  of  the  flow  field  In  the  center  region  of  the  downburst  cell.  It  his  to  be  complemented  by 
zones  of  vlncinlty  end  trensltlon  flow,  A  verticil  cross  section  through  the  center  of  the  downburst 
model  is  shown  in  Flg.18. 
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The  second  concept  I*- based  on  the  superposition  ef  *  rsmfcer  of  spreaded  «<!tm  Jo  eo«*lMtlM  with  Uk 
i*x  amber  of  l*aj*  vertices,  Thlt  method  I*  tharacierletd  by  *?re  variability  md  allow*  for  Instance 
Use  KofeHof  of  *  d«w«bwm  wind  f f«I4  Inetedlhj  u*  wan  flew  of  th*  gust  front.  To*  center  of  vertices 
are  posIMenend  alooj  *  ttrca*  Ho*  of  U*«  downburst  c«||  (24tnentfen*l  »wel  w|i»  M  vertta  doublet*  ste 
Flj.iie).  Is  th*  cost  of  *  34l*<sileft4l  aede,  ring  vertices  have  to  be  used  l*u*ad  of  fin  vertices 
tflf.lfo).  An  opt!**  program  was  applltd  to  onion*  Us*  asdal  paraMtm  for  Ui«  btst  fitting  of 
aesserinf  duo.  Using  a  slagle  OICHM,  UlcroVMt  computer  for  the  ce*Fuutlon  of  Us*  whole  j-dlwensienal 
aircraft  *<1*1  and  Us*  ring  vert**  slew*  burst  *  ceufefnailen  of  Malarn  11  of  ring  vertices  could 

0*  obtained  for  root  tla*  limitation  with  *  ee«ewuUon  frequency  of  2$  cycles  k.  mood. 


3.  CUHflK  Of  fUOJf  SDWJUfltt  MSUUS 


So**  flight  tlwlatlon  results  with  o  heavy  transport  aircraft  soy  trat*  Ok  tiptrltnee  In  using  Use 
engineering  models  ’low»l*v*Met*  *4  'downburst*  for  ilrcrafl  Miard  tnawtlgaUens. 


3.1  lAsOINC  APPROACH  IN  A  10«  Uvtt  Jtl 

for  Ui«  lov-1*T*l»J*t-(nv*iilgatlofli  Us*  in*  Khabarovsk  to*er  measurement  aporoalMtlon  was  applied  u 
'warn  cast*-  wind  profile.  rig.20  shews  fllgl  path  and  airspeed  profiles  during  landlg  approach  with 
fl»*d  eon  troll.  Th*  fall  line  curve  characterises  trtmafng  and  thrust  setting  $  u  distant  fro*  threshold 
while  th*  dash-dotted  line  curve  results  from  the  Usrutt  setting  and  trlmelng  at  in*  location  of  wind 
speed  mHmm.  Tnli  loodi  to  o  mmIwmi  of  flight  path  deviation.  It  My  0*  supposed  thot  Uit  flight 
profll*  appearing  In  mm*I  flight  under  this  lowlevel-Jet  condition  will  be  occur  In  th*  or<t  between 
th*  two  flight  pathes.  Thlt  ontldpotlen  could  b«  proved  In  *  mmber  ef  slnjlatcd  landing  approaches  with 
tttt  pllati  of  th*  Innltute  of  flight  Culdinct.  Two  cmmHs  from  thlt  flight  stowlator  Invtitlgitlont 
or*  mown  In  rig.TU  *nd  rig.JIb.  in  the  flrjt  cut  the  pilot  reducei  the  thruji  to  ovoid  extensive 
lllght  poth  devlitlon  during  increasing  heodwlnd.  Compared  with  on  Ideol  thrvtt  control  low, ftq.10). 
which  *!!«*  so  flight  pits  wvutlon  ond  airspeed  deviation  In  reiitten  to  the  nominal  voluet,  the  pilot* 
throttle  activity  hot  o  Hoe  delay  of  roughly  17  teeondi.  Thlt  s*e«  to  be  *  typical  behovlour  for  one 
pm  of  the  pilot*  In  appreplrate  wind  tltuotlont.  An  other  pilot  behaviour  It  presented  In  flg.ilb.  It 
It  chorocterlted  by  very  lev  throttle  oetlvlty  (except  ot  the  final  phtte  of  the  opprooch)  ond  e  higher 
e«ett  of  potentlol  enersf  In  the  reglon.of  the  wind  speed  mtileusi. 

SytttMtlc  investigations  perfomed  by  piroaeter  variation  of  the  iowlerel-JetHudel  jhov,  thot  the 
height  of  mxIimi  heodwlnd  ond  the  htodwlnd  difference  betvoen  vlnd  Milam  volue  ond  reference  wind 
tpeed  uWtf(HRt,lt  choosen  to  10  a|  or*  the  aest  InfluentUI  poroneteri  for  th*  severity  of  lending 
opprooch  In  o  lew  level  Jet  flov  field.  Hoard  Incmtet  with  Increoilng  heodwlnd  difference  In 
connection  with  demoting  height  of  the  heodwlnd  mxIhi*.  This  nconi  fo r«  aircraft  aovlng  through  the 
wlndfltld  on  an  fpcllnated  flight  poth  a  corresponding  high  value  of. wind  accelentlon.  The  tesporol 
derivation  of  Use  headwind  coapenent  It  on*  of  Uk  essential  poroaeters  In  a  thrust  control  law, 
forwulatlng  the  required  additional  thrust  for  me  acceleration  of  Use  aircraft  with  th*  wind.  Under 
ideal  conditions  this  aeosure  avoids  any  deviations  frea  neolnnl  flight  path  and  airspeed.  An 
appronlaotlon  for  the  required  additional  ihnistMrelghWatlo  aay  derived  'roa  the  stnslefled  equations  of 
th*  longitudinal  and  vertical  aircraft  aotion; 

«yc  *  uWj/g  ♦  (4Uy9  Y  ♦  4W^)/Y 
-,Ul  *  ««g  “  uHg,Rer  *ni  *  "wg  *  wWg,Ref 


(10) 


The  required  additional  ihwst  essentially  depend*  M  wind  parameters,  considering  that  the  nominal  flight 
path  angle  has  an  specified  value  and  the  nominal  airspeed  has  almost  IM  time  order  of  magnitude  far 
knar transport afrcrm. 

The  step  fix*  mulred  ihmtmrelghWalle  to  0*  ntgulrtd  energy  height  Option  to  variable  wind 
conditions  can  be  realised  by  Integration  of  eg.(IO))  with  retseci  to  flight  path  distance  avt 

6«t  «  _/&f/6  d»k  nn 

•i 

The  required  energy  may  hi  used  for  the  appmlmHlon  of  the  mm  height  error  appearing  it  no 
thrust  adaption  I*  Intended  (let  flj.ni.  Oceurlng  flight  path  deviations  from  the  commanded  ItS'gllde 
slope  in  producing  »  potential  energy  height  error 

■  «  •  HB«f ,  mi 

and  alrsfted  deviations  from  the  commanded  speed  o^flead  10  1  Clootie  mm  kolght  mar 

*  (f*  -  'tit  J/u  tl»  »3> 

A*  ihe  airspeed  ha*  to  be  bept  constant  dur'ng  landlg  approach  (nominal  value  about  1.3  It  It 

uteful  to  define  we  blnetle  energy  with  regard  to  the  tOrreundlng  air  I'acroblnetle  energy*!.  Thortforo 
th«  airspeed  V  H  used  Instead  the  flight  pith  velocity  tyn  eg.(IJ).  In  order  to  use  the  energy  height 
orrflr  it  *  quantitative  measure  for  tlrtrift  hasard,  hasard  Olflnltlon  Halts  have  to  bo  defined.  Kef >21 
propose*  Mart  Haiti  for  the  binotic  energy  oiprott t4  by  tho  “etleh  shabcr'-veloclty  l.l  *11*11*1*5  for 
tho  potontlil  mm  by  tho  maximum  allowable  height  deficit  related  to  tho  obtuclo  cloirinoo  surface  of 
1  CAT  I  -approach  (assumed  worn  slide  path  mlnut  30  meters).  Comparing  the  actual  binotic  and  potential 
energy  height  deficit  with  the  huard  Holt  values  a  hajard  tcalo  It  formed.  If  potential  and  binotic 
energy  error  lloltt  are  not  roachtd  tlmuUanlously,  shifting  between  airspeed  (binotic  energy)  and  height 
(potential  cnergly)  It  featlble.  Otherwlte  energy  height  deficit  mutt  be  compensated  by  means  of  ihrwst 
setting. 

In  fig. 23  energy  error  and  hsird  definition  Holts  are  llluttrated  for  the  annual  low  level  Jet  approach 
of  the  example  In  fig. 21*.  About  1.2  bo  ahead  of  the  runway  threshold  the  heard  Unlit  are  almost 
reached. 


3.1.1  T Aft Off  AND  LANDING  APPROACH  IN  A  OOVNBURST 

Hazard  Investigation*  for  Ubecff  and- land!;  approach  itt  dewnborst  flow  field!  hive  been  performed  by 
Mint  off  the  expanded  Heady  Jet  flow  model  at  well  as  the  ring  vorte*  superposition  model.  In  general 
the  ring  vortex  model  has  a  better  capability  for  the  approximation  of  accident  conditions  and  measuring 
data. 

The  result  for  an  off  line  flight  siszlstlcn  of  a  lending  approach  Is  Illustrated  In  fig. 24.  The  flow 
conditions  In  the  steady  Jet  model  Is  similar  to  the  conditions  of  the  approach  accident  In  Hew  Yorb  on 
June  24,1915.  The  flight  path  with  fixed  aircraft  controls  Is  not  very  different  form  that  of  the 
accident  flight.  A  landing  approach  with  an  automatic  flight  control  system  (autopllot/autothrottle) 
could  be  performed  with  very  low  deviations  from  nominal  flight  path  and  airspeed  (this  Is  not  valid  for  a 
pure  autopilot  approach).  Thus  we  can  assume  a  delayed  and  unefldent  pilot  reaction,  Implied  by 
unsufflclent  Information  about  the  situation. 
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tttIH  tn  4fr crtft  htt  rnerved  energy  In  litelnj  ippretch  It  It  flying  ti  (tt  wtl«w»  perfemnee 
etptbimy  during  itleoff.  In  tddltlen  dowtertft  Ihienilty  Is  *  downturn  In  g«f*r4l  It  IncrtMlng 
wfih  Inc retting  height.  Hence,  4  Ultoff  Into  *  nty  be  *>»*  wore  dingerewt  tUvttlen.  An 

fer  tte  uteaff  tte  elite  iHwitlon  thewt  flg.M,  utlng  tte  vortex  ring  t»pewUlo«  dowtecm 
wdel  (sutler  flj.'i»!i).  Tte  dltgtmt  ItluUrtU  tte  three  *lte  ceteOtehU  In  etrth  fl,*«4  ceordlntw  tte 
the  lll^ii  Mtn  In  we  verticil  pirn*.  Ttteolf  direction  It  2)4  degrees  l.e.  tte  tut  wfi*  eoaeonem 
cerrtiwtet  xUh  the  hetdwlte.  After  ttteoff  tte  pilot  teglnt  in  noml  elite  procedure.  Qr»w|ng  ntir  to 
in*  down&writ  cert  »««  i  deercttlng  tngle  of  elite  rewlti  from  u>t  tocreulng  dewtertft  tte  deercttlng 
tetdwfnd.  Tte  Hit  of  night  down  to  0  Metert  Unit  to  tooth  of  tte  obtuele  eUtrsne*  suffice  of  tn*  tlr 
port.  In  otter  tim  tte  tfrcrtfi  ted  4  ground  l«p4Ct>  In  epotltlon  to  tte  lew  level  Jtt  tte  wind 
ewvontntt  vine  viryjng  with  oil  three  ceordlMitt.  Thus  tte  ilrtrift  Mttrd  depends  not  only  fro*  tte 
wind  ctertcterlttlct  but  ilte  fro*  tte  flight  ptlh  In  relttlsn  to  the  Mo«fltld  In  cote I nit I on  with  otter 
pxrtetwrt  llte  thnat  totting,  trl*  tltuitlon,  tlrtrtft  oporttlon  node  tte  the  pilot  behtvlow. 

tte  ilrtrtft  tested  Invmlgttlons  htve  led  on  concepts  to  Intrette  flight  ttfety  for  titeeff  tte  lttelag 
In  wing  tteir  eondlUoni  (tee  /I if,  /?0/,  /2 W,  /2-*/J,  Ilte  w|te  ttetr  xtrnlng  dltpltys,  thrust  control 
loot  tte  improved  *uw*ttle  flight  control  tytites. 
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Simplified  field  djrninlc  conceplt  hive  teen  used  to  develop  engineering  wodelt  for  wind  their  ptenoatnt 
llte  down bom,  frcnul  flow  tte  low  level  Jot.  The  dtu  htte  used  for  tte  modeling  tut  It  cdeattd  of 
own  flight  tut  dm,  tlrline  flight  diu,  tnd  tower  duo,  complemented  by  otter  InfonMtlons  tte 
experiment*!  retultt.  A  number  of  euaplet  dt*onttrtte  the  good  tpproxlMtlon  of  tettured  wind  profiles 
by  tte  developed  wind  wodelt. 

This  tlnple  engineering  wind  models  hive  teen  tn  ettentltl  b«e  for  tlrcrtft  teitrd  Invettlgulon  by  meins 
of  flight  tlmltllon.  The  results  htve  led  on  tolitble  histrd  definitions  tt  well  tt  concepts  tnd  system 
to  tap  rove  Might  stfety  In  wind  sheer  conditions 
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fij.l  :  Separation  of  Tutaltnce  Fig. 
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:  Classification  of  planetary  bountiary  layer  (Kef .3) 
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SupW  of  insured  Ujrtr  fnjfll*  Flj.*!  Cesosjltten  of  loj-ltn-oroflle 


Ffj'S:  #e«urtd  »nd  aodeld  wind  profiles 


FI9.6:  Turbulent  surfece  flow  (Ref. 22) 
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Fig. 7:  Influence  of  tcupertture  Inverslonon  wind  profile 


Fig. 8:  Inertli!  osellletlon  supposed  by  Ref. 6 


Fig. 10:  Composition  of  the  low  level  Jet  model 


Fig. 9:  Simple  of  flight  aeesured  low  level  Jet 


Flg.U;Composlt|on  of  the  wind  direction 


ANALYSIS  OK SEVERE ATMOSPHERIC  DISTURBANCES 
FROM  AIRLINE  FLIGHT  RECORDS 


R.  C  Wlngrovt,  R.  E.  Bach,  Su  aadT.A,  Schslta 
NASA  Aroe*  Research  Center 
Moffett  Reid,  CAWOJS 


SUMMARY 

Advanced  method*  have  been  developed  to  determine  (Iroc-yjrylsg  winds  wd  tut  Wenec  from  tJTjrftil  ftljhttLa»  frcwdcr* 
carried  stated  mevkrn  sHincn.  Analysis  of  Jevtnl  ease*  Involving  severe  ek*r>»Sf  tui  buknec  encounters  at  cruise  altitude*  ha* 
shewn  that  the  aircraft  encountered  vcxte*  array*  generated  by  dcstabilired  wind-shear  layer*  stave  mountain* « thunderstorms. 
A  mode)  bat  beta  developed »  Identify  Ac  strength,  sire,  aad  spacing  of  mrret  array*,  TM*  medel  l*  u«d  to  study  the  effect*  of 
severe  *5r>4  hwanli  m  epcratkcal  safety  for  different  type*  of  aircraft.  The  tsudy  demonstrate*  that  small  reoxcly  filmed  uhi- 
tk*  and  caccuiivc  aircraft  cahibil  mere  violent  behavior  than  do  targe  iitllner*  dttria  g  encounter*  wish  high-altitude  vottice*. 
Analysis  of  digital  flight  data  from  the  aeekknt  at  Dalias/D.  Worth  in  19*5  indkatt*  that  (be  aircraft  encountered  a  mtaeberst 
with  rapidly  changuig  wind*  embedded  in  a  nwt  outflow  sear  the  ground.  A  muWpk-vortevring  medel  ha*  ken  developed  » 
rcjietxni  the  rtfcrebcM  wind  patters.  Thl*  model  fart  he  wed  is  flight  dmolatees  to  better  understand  the  control  problem*  is 
Kvcrc  mkroburst  encounter*. 


I.  INTRODUCTION 

Right  encounter*  with  severe  atmospheric  disturbances  arc  a  ceminuing  problem  that  mutt  be  better  understood  to  Improve 
safety.  One  way  to  Investigate  the  ttaturc  and  cause  of  severe  dltturbartfe*  U  through  the  attalnil  of  aitlinc  flight  records.  Is  the 
P**t,  analyst  wa*  hindered  by  insufficient  data.  Recent  encounters  base  Involved  modem  airliner*  equipped  with  multichannel, 
digital  flight-data  teeortkr*  (DFDR*),  These  digital  recordt,  along  with  air  traffic  control  (ATC)  radar  position  record*,  provide  a 
meant  of  determining  and  analyrlng  the  turbulent  wind  environment  (Ref.  I). 

In  conjunction  with  the  National  TVantpoetatkm  Safety  Read  (NTS  11),  researcher*  from  Amc*  Research  Center  have  ana¬ 
lysed  a  jerie*  of  dlttutbancc  encounter*,  li«ed  in  Table  l.  Involving  airliner*  equipped  with  DFDR*.  The  Severe  atmospheric 
disturbance*  to  b;  considered  in  thl*  report  Include  hlgh-altltudc  tutbvience  and  low-level  microbum*. 


TABLE  I  -  DIGITAL  FLIGHT  RECORDS  FROM  AIRUNE  ENCOUNTERS  WfTl  I  SEVERE  ATMOSPI IER1C 

DISTURBANCES. 


DATE 

AISCRAET 

LOCATION 

C8IKAHON 

DJ5UMANCE 

6/75 

L101I 

JFK,  NY 

Go- around 

Microbunt 

11/75 

DC10 

Calgary,  Canada 

33JCXXT 

Clear  air  tutbulenee 

•V8I 

DC10 

Hannibal.  MO 

37, (W 

Clear  air  turbulence 

7/82 

DCIO 

Morton,  WY 

39,000“ 

dear  air  tutbulenee 

vm 

DC10 

Near  Bermuda 

37,000" 

Convective  tutbulenee 

11/83 

LI01I 

Offshore  SC 

vm 

dear  air  tutbulenee 

WS 

mu 

Over  Greenland 

vm 

dear  air  turbulence 

ms 

m» 

Over  Greenland 

vm 

dear  air  turbulence 

ms 

musp 

Offshore  CA 

urn 

Wind  shear 

ws 

Lion 

Dallas/Ft,  Wonh.TK 

Landing 

Microbunt 

ws 

MD80 

Dallas/R  Worth,  TN 

Go- around 

Microbunt 

11/85 

mu 

Over  Greenland 

33,000“ 

dear  air  tutbulenee 

3/86 

mu 

Offshore  Hawaii 

vm 

dear  air  turbulence 

m 

DCIO 

Janxstown,  NY 

•lO.OW 

Wind  shear 

ms 

A30Q 

West  Balm  Beach,  FL 

20,003 

Convective  tutbulenee 

9/87 

LIOll 

Nca  Bermuda 

31,000 

Convective  tutbulenee 

11/87 

A310 

Near  Bennuda 

33,000" 

Convective  turbulence 

1/88 

11767 

Chicago,  IL 

25,000- 

Convective  tutbulenee 

3/88 

D767 

Cimarron,  NM 

33,000- 

dear  air  tutbulenee 

High-altitude  tutbulenee  (Rg.  la)  results  from  the  growth  and  breakdown  of  stratified  shea  layers  (Refs.  2-7).  This  distur¬ 
bance  Is  usually  referred  to  as  *clea-a!r  tutbulenee*  and  Is  assoeisted  with  a  strong  Inversion  in  air  temperature  and  a  strong  verti¬ 
cal  shea  In  hotiiontal  winds.  These  conditions  are  often  in  the  regions  of  the  tropopause  and  the  associated  jet  swans.  The  most 
severe  encounters  arc  frequently  above  mountains  or  thunderstorms.  Some  of  die  severe  clea-a’r  turbulence  encounters  for  airlin¬ 
ers  equipped  with  the  DFDR  are  discussed  in  Refs,  8-10. 


Microbonu  (Fig.  lb)  are  Inscnx  downdraft *  that 
Impact  the  wstface  and  eaux  strong  outflow*  (Ref*.  11*13). 
They  arc  avxeiatrd  with  thenkratcrttu.  and  usually  occur 
during  Ac  summer,  The  accident  of  Delta  Alilinc*  flight  191 
In  August  19M  Involved )  rale  reborn  at  Ok  DalUs/FLWerth 
airport  (DFW).  Thlt  aircraft  and  the  follow  in  g  American  Air- 
line*  flight  539,  *hkh  made  *  go.  wound  through  lbs  DFW 
wteobuttt,  we  both  equipped  with  DPDR*.  S«i*  Ntek- 
ground  Information  about  the  9FW  rakraburat  tan  be  found  In 
Ref*.  14.20. 

This  paper  consider*  Ac  usefulne**  of  DIDR  d»u  In 
smtofog  aircraft  encounter*  with  clear-air  turbulence  and  law. 
kvd  rataebunu,  end  present*  tome  finding*  regarding  the 
nature  of  these  phenomena.  In  particular,  li  it  shewn  (hit  Ac 
wind*  ectceonwed  In  both  type*  of  atmospheric  disturbance* 
can  be  modeled  dctcrwifthiteaJiy.  In  Ac  mk  of  e1cnr*alf  tur* 
boknee,  (he  wind*  are  rvprr, vented  by  *  KeMn-Hclmholtt  vor¬ 
tex-array  model  In  (he  me  of  the  DFW  rokreburst,  the  wind* 
am  represented  by  a  moltipk.vertex-ring  model  The  method 
uwd  toanalyec  the  the  flight  record*  l*  described  first.  it* 
application  to  clear-air  turbulence  encounter*  l*  pctxntcd,  fol* 
fowl  by  an  snilytl*  of  the  DW  mknsbem  encounter. 


Figure  1 .  Two  type*  of  Jevete  atmospheric  di  tttuhanee*. 


3,  ANALYSIS  METHOD 

Airliner*  certified  In  1969  or  liter  ant  tqulppcd  with  DPDR*  w  hich  recced  an  eaten*!  vc  set  of  variable*  (Table  II).  These 
digital  flight  record*,  along  with  ATC  wading  dau,  tan  be  used  to  tlctermlne  the  lime  historic*  In  the  thtcc  component*  of  the 
wind*  along  the  aircraft  fli ghtpath  (Ref.  1).  In  thl*  analysis  the  acceleration*  measured  aboard  the  aircraft  ate  Integrated  to  deter* 
mine  the  time  hittory  of  the  flightpath  that  provide*  the  he*t  match  to  the  ATC  radar  petition  data  and  the  DIDR  barometric  alti¬ 
tude  data.  Die  wind  veledty  it  computed  a*  the  difference  between  the  vehicle  Inertia!  velocity  and  it*  velocity  with  respect  to  the 
alrmai*.  A  block  diagram  of  the  general  analyil*  procedure  l*  *hown  in  Fig.  2. 

The  equation*  of  motion  arc  In  an  Earth  frame  with  the  x-axl*  plating  north,  the  y-axl*  pointing  east,  and  the  h-axi*  verti¬ 
cal  (xaxl*  down): 

x  ■  a*  cotO  <o*y  4  a}(tir*>  sinO  cosy  -  &»V)+  at(cosy  *lnO  co*y  +  sfoy  tiny ) 

y«  a*  coiQ  *iny  +  ts^slny  tlnO  tdny  4  coty  cosy  )  4  a,(co*y  *lnO  tiny  -  day  coty ) 

R  «  a,  *!n0  -  ( tylny  4  ajeotyJewO  -  g 

when:  a,.  ift  and  a,  are  the  bed y-a*!s  accelerations,  and  y.O.andy  arc  the  body-axlt  Euler  angle*.  Integration  of  thex  differ¬ 
ential  equation*  provide*  ejtimav*  of  Inertial  velocity  (i.$,fi)  and  pjitioo  (*.y,h).  A  set  of  Initial  condition*  and  bla*  cootetion* 
it  determined  by  matching  the  calculated  xandy  time-historic*  to  ATC  radar  position  data  and  by  matching  the  calculated  h 
time  hittory  to  die  DfDR  barometric  altitude  data. 


TAllUi  II  -TYPICAL  DIGITAL  FLIGHT  DATA  RECORDER  MEASUREMENTS 
FOR  DIFFERENT  AIRCRAFT. 
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The  wind  vector  is  computed  as 
Wj-i-Vewy^twYj 
Wr»y-V  tiny*  cosy* 

W,  *  &  -  V  tiny. 


where  the  tree  airspeed  V  Is  competed  from  the  flight  records, 
and  (he  wisd-tull  liuicf  angle*  tr*.  VJ  **  Competed  Using  the 
Identities 

tin  Y* "  «Mtt  co*|S  slnO  -  C  cosO 

un(y,  -  y)  ■  (tiajS  cosp  -  sines  tw(J  jinoVtenset  eos(l  eesQ 
4  C  iinO) 

C  •<  sir, a  coj[5  coto  4  iinp  str>0 

where  a  is  the  angle  of  attack  and  (I  lube  angled  sideslip. 

The  angle  of  attack  cs  was  derived  from  onboard- 
recorded  vane  anglee.  Pee  aircraft  wlihout  recorded  v»ae 
angles,  the  angle  of  attack  a  w«  determined  through  the 
equation 

C u  -  Cu(a, «,)  •  Cue  «*  4  C^t^V) 


,W. 


I? 


Figure  2.  Reconstruction  of  severe  winds  from  flight  and  ATC 
records. 


wnett  Cj_(u,  S<),  Cuz.  and  Ctq  are  based  on  the  aircraft  aerodynamic  characteristic*,  and  ihc  lift  coefficient  Cg,  was  calculated 
using  the  aircraft  weight  along  w-ith  the  lift  acceleration  and  dynamic  pressure  front  the  DFDR.  The  flap  position  5f,  elevator 
position  8^,  and  pitch  rate  q  were  dcrlvesl  front  the  OFDR,  Waving  the  angle  of  attack  u  as  the  variable  to  be  determined.  (This 
method  of  deriving  unmeasured  flow  angles  U  disetmed  further  la  Ref.JId 

In  a  similar  manner,  the  angle  of  sideslip  P  wat  determined  through  the  equation 

Cr-Cy(iP  +  CYg(6r  +  OYl(by2V) 

where  Cyn,  Cyfr,  and  Cy,  arc  Vised  on  the  aircraft  aerodynamic  characteristic!,  and  the  side-force  coefficient  Oy  was  calculated 
uiing  the  aircraft  weight  along  with  the  side  acceleration  and  dynamic  pressure  from  the  DPDR.  The  rodder  position  J,  and  the 
yaw  rate  r  were  derived  from  the  DTOR.  leaving  the  angle  of  lidealip  p  as  the  variable  to  be  detetmined. 


3.  APPLICATIONS 

3.1  I  Ugh- Altitude Turbulence 

High-altitude  clear-air  turbulence  encounters  usually 
occur  In  the  region  of  the  tropopause.  The  uopopausc  altitude 
varies  with  the  season  and  the  location.  The  upper  plot  In 
Fig.  3  shows  recent  severe  turbulence  encounters  as  a  function 
of  altitude  and  time  of  year.  Also  si  town  are  the  average  tro¬ 
popause  heights  for  30*  and  4  J*  N.  Jat,  (Ref.  23).  Generally, 
lids  distribution  of  turbulence  encounters  follows  the  trends  for 
the  avenge  tropopause  heights.  That  Is.  the  encounters  occur 
at  lower  altitudes  In  the  winter  months  and  it  higher  altitudes  in 
the  summer  months.  The  lower  plot  in  Fig.  3  presents  the  dis¬ 
tribution  of  12,678  reports  of  modente  to  severe  turbulence, 
from  a  special  survey  of  airline  pilots  taken  in  1960-62  (Ref.  7). 
These  data  indicate  that  turbulence  occurred  most  often  in  the 
winter  months,  peaking  In  February.  At  the  time  of  the  survey, 
airliners  usually  cruised  at  altitudes  of  31,000  to  33,000  ft,  and 
would  be  in  the  region  of  the  tropopause  primarily  in  the  winter 
months.  I  lowever,  many  of  today’s  aircraft  cruise  at  higher 
altitudes,  and  spend  mote  time  In  the  region  of  the  tropopause 
throughout  the  year.  At  altitudes  from  35,000  to  41.000  ft  the 
aircraft  are  In  the  region  of  the  tropopause  in  the  fall  and 
spring. 


RECENT  ENCOUNTERS 


Figure  3.  Severe  turbulence  encounters  shown  with  altitude 
and  time  of  year. 


)4 


Many  ckar-alttut  buknec  encounter*  occurred  near  et  ovc  r  a  landman  where  nxseorolojjcd  roundings  provide  wind  and 
tcrnpe mutt  profit**,  pwnd  weather  radar  obreroticM  provide  Information  about  nearby  convective  activity,  and  ATC  radar 
nrcerJi  provide  Infoematkn  about  the  aircraft  track.  RcpetKnutivc  encounter*  are  illustrated  in  Hr.  4.  Nexethauhe  encounters 
were  a*  sedated  with  tow-lew)  barrier*  such  a*  mountain  ranges  ex  ihurektstetM  lino.  The  encounters  were  found  10  occur  at 
about  15  »  30  mild  downwind  of  these  tow- level  obstacle*. 

Temperature  profile*  for  the  encounters  of  Fig.  4  are  peeremed  In  Rg.  J.  The  rounding  record*  in  Fig.  5  Indicate  *  strong 
temperature  inversion  at  die  tropopause.  IVcvlous  jtudk*  (Rtf*.  2-4)  hive  noted  Out  *  *  irons  temperature  inversion  become*  a 
destabilizing  Influence  when  (he  streamlines  are  lilted.  The  encounter*  analyzed  here  involved  icmperaiure Inver* Jor.s  In  conjunc¬ 
tion  with  lowtr-lewl  barriers  ihii  could  haw  tilted  the  streamlines  and  triggered  Kclvin-1  klmholtt  Instsbility  (Ref*.  24). 


(t)HANN|(Al.MO,**nil  U)  MOMON.WV.JULY 

37,000  h.  3».000  lb 


(cl  SOUTH  CAROLINA.  NOVCMUR  ld|  CALQAttY,  N0VCM8CR 
37.000  lb  33,0001b 


SO 

r  45 
i  40 

r- 

o  35 
a 

H 

5M 

*  25 
20 


Figure  4.  Overview  of  *cvcre  turbulence  encounter*  at  cruise 
altitude*. 


Figure  5.  Temperature  inversion  at  the  tropopause  associated 
wills  revere  turbulence. 


A  representative  care  is  that  of  Fig.  4a,  in  which  a  DC-10  encountered  revere  tmbulencc  while  cruising  in  an  easterly 
direction  at  37,000  ft  in  the  Jet  steam  In  April  near  1  lannibal,  Missouri  (Ref.  8).  The  encounter  occulted  shortly  after  the  aircraft 
passed  over  a  developing  line  of  thundenionns  with  cloud  tops  repotted  at  about  30.000  ft.  Using  the  technique  described  in  the 
previous  section,  the  horizontal  wind  W,  and  vertical  wind  W*  were  estimated.  These  estimates  and  she  normal  acceleration 
from  the  DFDR  are  presented  In  Fig.  6.  The  horizontal  wind  is  shown  to  increase  as  the  alreraft  passe*  over  the  line  of  thunder¬ 
storm*  about  US  min  before  the  turbulence  encoder.  The  vertical  wind*  in  the  period  of  revere  turbulence  appear  as  sharp  up- 
and-down  gusts  about  5  sec  apart.  The  severity  of  the  luibuienee  Is  apparent  from  the  wide  P.uctuations  in  the  normal  acceleration 
from +1,7  to-l.Og. 


There  results  appear  consistent  with  previous  studies  (Refs.  2-6)  in  which  the  formation  of  Kelvin  "cat’s  eyca"  pattern*  in 
clear  air  was  noted.  To  determine  whether  the  derived  wind*  could  be  accounted  for  by  patterns  of  this  type,  an  analysis  was  con¬ 
ducted  to  duplicate  the  lime  histories  with  vortex-array  models  (Ref*.  8, 23).  The  DFDR-derived  wind  data  were  used  with 
parameter  identification  techniques  to  determine  the  strength,  sire,  and  spacing  of  the  vortex  arrays.  A  vortex  model  for  the 
Hannibal  care  is  shown  in  Fig.  7.  As  shown  in  the  lower  gnpb,  the  general  nature  of  this  mode’,  is  a  vortex  array  located  on  the 
downslope  with  respect  to  the  prevailing  wind.  The  large  spikes  In  vertical  velocity  sre  caused  by  the  passage  of  the  aircraft 
through  the  solid-body  cores  of  iwo  vortices.  Tltere  spikes  provide  significant  evidence  about  the  sire  and  strength  of  the  vonices. 
Each  vortex  has  a  diameter  of  i  ,000  ft  and  a  circumferential  velocity  of  87  ft/tec.  The  distance  between  the  centers  of  the  two  sig¬ 
nificant  vonices  is  3,400  ft.  A  comparison  of  the  modeled  vertical  and  horizontal  wind  perturbations  (solid  lines)  with  Use  mea¬ 
sured  winds  (dashed  lines)  shows  reasonably  good  agreement.  This  vortex  model  provides  a  means  of  studying  the  effects  of  there 
wind  hazards  on  aircraft  behavior  and  g  load. 


Simulations  have  been  done  to  provide  information  on  the  effects  of  there  reconstructed  vonices  on  the  flight  behavior  for 
three  types  of  aircraft:  a  remotely  piloted  vehicle  (RPV),  an  executive  jet.  and  a  large  commercial  airliner.  As  shown  in  Fig.  8,  the 
RPV  undergoes  a  large  change  in  pitch  angle.  With  its  relatively  low  speed,  it  has  time  to  align  with  the  local  airspeed  vector,  and 
the  pattern  of  the  pitch  angle  variation  is  similar  to  the  (inverse)  pattern  of  the  venieal  wind.  The  executive  aircraft  exhibits  peri¬ 
odic  variations  in  pitch  angle  and  g  load.  There  variations  are  dependent  upon  the  relationship  between  the  time  span  of  the  vortex 
traverse  and  the  aircraft’s  shots  oscillatory  period.  The  large  airliner  exhibits  only  s  small  variation  in  pitch  angle,  because  of  the 
short  time  in  vontx  traverse  and  a  long  oscillatory  period.  The  pattern  of  the  g-load  variation  is  similar  to  the  pattern  of  die  verti¬ 
cal  wind. 
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Figure  S.  Time-history  data  for  a  severe  turbulence  encounter 
over I iannibal, MO,  April  I9SI, 
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IT  jure  7.  Vortex-amy  model  foe  a  severe  turbulence 
encounter  over  I  Iannibal,  MO,  April  1981. 
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Figure  8.  Simulation  of  9  vortex  encounter  for  different 
aircraft. 


3-2  Low-Level  Microbum* 

Flight  and  radar  rceotdi  from  wo  airliner!  that  pene¬ 
trated  the  19S5  DFW  microbum  haw  been  anajyred.  The  Tint 
aircraft.  Delta  Airline!  flight  191,  encountered  die  microburH 
on  final  approach  and  contacted  the  ground  about  1  mile  then 
Of  the  runway.  The  following  aircraft,  American  Airline!  fiight 
539,  made  a  go- around  and  (lew  through  the  microburat  about 
U00  ft  above  the  ground.  The  reaulu  of  the  analysis  ere 
ahown  in  Fig.  9.  The  data  for  the  two  aircraft  are  preaented  a*  a 
function  of  altitude  and  position  with  respect  to  the  runway. 

The  hort rental  and  vertical  wind  component!  (W,  and  Wk)  are 
superimposed  as  vectors  on  the  filghtpaths, 

Ai  Delta  191  descended  through  900  ft  approaching  the 
runway,  the  vertical  wind  component  VVk  increased  to  about 
15  ft/sec  and  the  horirontal  wind  component  YV„  incteased  to 
a  head  wind  of  over  50  ft/sec.  The  aircraft  then  encountered  a 
strong  downflow  followed  by  a  rapid  change  in  vertical  wind 
direction,  followed  by  further  changes  about  5  sec  apart.  In  the 
period  of  major  downflow,  the  aircraft  experienced  vertical 
winds  of -10  to  -40  ft/sec.  During  the  encounter,  the  50- ft/sec 
headwind  changed  to  a  tailwind  of  over  50  ft/sec. 

American  539,  the  following  aircraft,  executed  a  go- 
around  at  1400  ft  above  the  ground  and  then  climbed  to  an 
aiitude  of 2500  ft  where  it  penetrated  the  mteobum.  The 
analysis  shows  that  the  aircraft  Erst  experienced  an  updraft  Wk 
of  about  15  ft/sec  and  a  headwind  1,V»  of  15  ft/sec.  The  air¬ 
craft  then  encountered  a  strong  downflow  over  a  fairly  large 
distance,  followed  by  a  strong  updraft.  In  the  period  of  major 
downflow,  the  aircraft  experienced  vertical  winds  of-10  to 
-40  ft/sec.  During  this  encounter,  the  15  ft/sec  headwind 
changed  to  a  tailwind  of  over  215  ft/sec. 
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In  comparing  (he  magnitudes  of  the  changes  In  the 
horfronul  winds  W,,  we  can  see  Out  Delia  19 1  wu  mjw  the 
ground  and  experienced  the  monger  borironul  diverge  nee 
from  the  mkrebuni  The  data  indicate  that  there  was  ahead- 
wind-tailwind  change  of  ICO  ft/see  fee  Delta  191 .  and  40  fi’tcc 
foe  American  539.  Koec  that  the  overall  change  from  *  head¬ 
wind  to  a  tailwind  occurred  at  nearly  the  (ante  location  over  the 
ground  for  the  two  aircraft.  This  suggests  that  the  center  of  the 
mkrobunt  had  not  changed  tecatkxt  appreciably  between  the 
time!  that  the  two  ku  of  measurements  were  made.  American 
339  patted  throw  gh  the  center  of  the  mkrobetst  about  110  tec 
after  Delta  191  did. 

It  can  be  observed  that  the  region  of  the  downflow 
measured  for  American  339  It  larger  than  that  for  Delta  191. 
American  339  entered  the  region  of  the  downflow  about  <Xi  n, 
ltd.  farther  out  from  the  runway  than  did  Delta  191.  Alto,  the 
data  from  American  339  indicate  that  ponioot  of  the  downflow 
had  eatended  to  near  the  end  of  the  runway.  The  total  region  of 
downflow  measured  by  American  339  was  about  3  n.  ml.  !n 
diameter.  This  indicadeo  of  an  expanding  mkroborst  it  eon- 
jiuent  with  meteorological  data  gathered  at  the  DFW  airport 
(Kef.  16)  and  with  a  numerical  simulation  of  the  DFW  down- 
bunt  (Ref.  19).  These  ttudici  Indicate  that  the  storm  had 
reached  the  end  of  the  runway  and  had  expanded  to  about 
3.7  n.  mi.  in  diameter  near  ground  level  when  American  339 
traversed  the  microbum. 

The  A  met  anaiyslt  shows  several  rapid  and  large 
changca  In  winds  within  the  microbum.  Previous  trudits 
(Refs.  12, 24-26)  have  indicated  that  microbunts  might  Involve 
vortices  that  Induce  variations  In  the  internal  winds.  Those 
studies  Indicate  that  when  a  voces  nears  the  ground  Its  vcrtlc- 
Ity  Increases,  providing  *  mechanism  for  large  lluctuatiorti  In 
wt-id  velocity. 

A  multiple- vortea-ring  model  has  been  developed  to 
represent  the  wind  pattern  In  the  DFW  mkroburst  (Ref.  27), 
The  voncs  model  for  American  539,  w  hich  made  a  complete 
passage  through  the  microburst.  Is  shown  in  Fig.  10.  As  shown 
in  the  lower  graph,  the  general  nature  of  this  model  Is  a  large 
outer  ring  with  *  smaller  Inner  ring  near  the  center  of  Use 
microburst.  The  outer  ring  has  a  diameter  of  1 5,000  ft  with  » 
vertex  core  diimetcr  of  3(80  ft.  The  Inner  ring  has  a  diameter 
of 1500  ft  with  a  vortex  core  diameter  o(  900  fu  A  comparison 
of  the  modeled  vertical  and  bori rental  wind  perturbations  (solid 
lines)  with  the  measured  winds  (dashed  lines)  shows  reason¬ 
ably  good  agreement.  The  multipie-vtxttx-ring  model  provides 
a  way  w  ma thematically  describe  the  wind  pattern  w  ithin  the 
microbunt.  The  model  provides  a  deterministic,  rather  than 
random,  means  of  analysing  the  internal  velocity  fluctuations. 


Figure?.  Wind  vectors  at  the  Dallas/F«.Wv!eth  Airport,  August 
1933,  reconstructed  from  flight  records  of  two  aircraft. 
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ITgurc  tO.  Muliiplc-vortcx-ring  model  of  the  DFWtnlcrobutst, 


4,  CONCLUDING  REMARKS 

Analysis  of  a  series  of  eases  Involving  severe  turbulence  at  cauisc  altitudes  has  shown  that  the  aircraft  encountered  vortex 
anaya  generated  by  wind-shear  layers  associated  with  strong  temperature  Inversions  near  the  tropopausc.  The  desiabilirailoo  of 
the  wind-shear  layers  was  caused  by  low-level  barriers  such  is  mountain  ranger  ee  thunderstorm  lines.  The  wind  partem  in  these 
severe  turbulence  encounters  have  been  identified  through  the  development  of  vortex-array  models ,  The  analysts  identified  the 
strength,  size,  and  spacing  of  the  vortex  arrays,  providing  a  means  of  studying  the  effects  of  these  severe  wind  turaids  on  opera¬ 
tional  safety.  Modem  aircraft  arc  spending  more  time  at  higher  altitudes  near  the  tropopausc,  where  this  severe  turbulence  occurs. 
Simulation  studies  have  shown  that  small  RPV  and  executive  aircraft  are  more  prone  to  violent  dynamic  behavior  than  are  large 
airliners  during  encounters  with  high-altitude  vortices . 

Data  from  the  Delta  191  accident  show  that  the  aircraft  encountered  a  strong  mienburst  downflow  followed  by  a  strong 
outflow  accompanied  by  large  and  rapid  changes  in  vertical  wind.  Data  from  American  539  recorded  during  the  go- around  indi¬ 
cate  a  broad  pattern  of  downflow  in  the  microburst,  with  regions  of  upflow  at  the  extreme  edges.  The  combined  results  indicate  a 
mkroburst  that  was  increasing  in  sire,  with  vortex-induced  velocity  fluctuations  embedded  In  a  strong  outflow  near  the  ground. 

The  wind  pattern  in  the  DFW  mieroburst  has  been  Identified  through  the  development  of  a  multiple- vonot-wig  model  The  results 
ahow  a  Urge  vortex  ring  at  the  leading  edge  of  the  mieroburst  and  a  smaller  vortex  ring  embedded  in  the  downflow.  The  study 
provides  a  realistic  model  of  the'wind  field  that  can  be  used  in  flight  simulators  to  better  understand  the  control  problems  in  severe 
mieroburst  encounters. 


1  XEm&VCES 


1.  Bach,  K.  E.  ard  Wlngwc  R.  C,  ”A|f Bcutieoaef  Sax  Ertssaskso  Is  Alrmft  Fh  jM'Dau  Andyd!."  J.  Aircraft  Vol.  22, 
No.  7,  July  19$  J,  pft } 

2.  Sok w,  R.S,  “Environmental  AcrodyMttia,*  Wiley,  Nc*  Vetk,  57)$- 

J,  Coflard,  LI  8.  iMliooUW.  It,  “Wives  U  ti?c  At«o<?bc«.“  Elsevier  Sekfttifie  PubSshlng  Co,  Kc*  Y«t,  191  J. 

A,  Clark,  J,  W_  Stocftkr.  R.  C,  sad  Vpgt  I*.  0,  “Research  on  Irwabiliste*  in  Atmospheric  Ro*  Systems  As«vi»ted  vrfdb  Oesr 
AirTutbvlcntc."  NASA  CR-IUM,  1910. 

Tccfcnki 1  Note  No.  1JJ,  1976, 

6-  Hardy,  K,  H, “Studies  of the  Clear Atme*fbcrc  Utinc  1 Bek  Po*er  Radar."  Remdc  Sensing  of  ihcTrupusphetc,  V,  0,  Derr, 
<d„  NOAA,  Houlder  CO,  1972,  chap.  14. 

7.  Cotton.  DeVcr, “Summary  rf  High-Level  Tut  Wetxx Over  United  Suxs,"  Monthly  Weather  Review,  VoJ. 91,  No.  12, 1963, 

I,  Piths,  E.  &,  WlOgrovt,  R,  £,  Bach,  R,  Ft,  sod  Meka,  R.  S,  “IdcM-fioitoo  of  Vpwvkdoctd  Oof  Ait  Tutfcuknec  U?log 
Airline  FligM  Records,"  J.  Aircraft,  Vd  23,  No,  3,  Frh.  »9*J,  pp,  124.129, 

9.  Uwr,l\F.«d8ach,R,tU“AnraBc»eCksrA“  Ttobuknec tncUeM Aaoeiated with » Sttw; l>»wnike< Windstorm" 
AtAA  Paper  S6QJ29.J»ii.  1916. 

10.  Lester.  P„  Sen,  0..  and  tlxh,  R.  E.,  “TV  Use  of  DFDR  lafomudoo  fc»  the  Analysis  Of  s  Tutbuknce  Incident  Over 
Greenland."  Monthly  Weather  Review,  accepted  for  poblleatSem  June  1989. 

11.  low-Aliltodc  Wind  Shear  tnd  tu  1  Lttrd  hi  Aviation."  National  Academy  of  Scierxei,  National  Academy  Press, 
Washington,  D.C,  1983, 

12.  Fujits, T. T,  “The  Do*nbu«t.“  5MRP  Research  Paper 210,  U.  Chicago,  Chkigo  It),  1985, 

13.  “WiadihcarTWalng  ALL"  Federal  Aviation  AdmkUtatitm,  Waahlaften,  D,£  I9S7. 

U.  lUeii,  R.  F_  iod  Wittgwrc,  R,  C,  "AM!y}I*  of  WW4«Af  frt*J  AuUnc  Fli£l>I  DuU."  J.  AlnroTi,  V«s).  26.  Na  2.  Feb,  JM9. 
p?.10WW. 

15.  Wingwe,  R,  C.  aaJ  llxh,  R.  C.,  "Seven:  Wmii  Id  6*  DFW  Mk«Wr«  .VtcaJurcjJ  ffurnTwo  Alttnft.~  J.AUmfi.  Vol26, 
No.  3,  Mreh  ISi9,  pp.  221-224. 

16.  FujUi,  T. T,  DIAV  MienRwm."  SMW  Rci^h  ftpef 217,  U.  akugn,  CHk3ffl  1!1, 19JJ. 

17.  Cuxxoa.  F,  Oftit,  R.,  iad  Augujiint.  J..  "The  Cm  Of  of  (Xlu  lTJpM  191  m  Diltn-Fcxi  Wonh  laicnuiknul  A!»kw  on 
2  Aupw  19$J:  Mulfltolc  Awlytij  of  WeiOw  Condiifent.''  NOAA  ToAfiknl  Rcpon  CRt.  4J0-J3O  2,  Dec.  W6. 

18.  Aircraft  Accidew  RcpofT,"Octu  Air  Uftts  Inc.,  l«Uxcd  HOI  1-JW-I.  N7260A,  DatUVFsn  W«A  tmcrrunonil  Airpoo, 
T««,  Ao*uh  2, 19«.“  NTSU  AAR-I^OJ.  19*6, 

19.  I'nxw,  F.  1 L,  "The  Tcnninal  Area  Simulstlon  Syjicm,  Vo!umc  II,  VcfiftCitlfxj  Cac*.“  NASA  CR-UW,  April  19S7. 

20.  tiny,  R.S.,  “Aircraft  Pcrforounce  in  l)o»nbwM  Wind  $kcxt."  SAU  Paper  No.  86169$,  19S6. 

21.  !ixh,R.n.v>JParU<U.K,>‘An$tc«f.Aiucl(D;titmiionr«r  Analwis  of  CAT  Eacoonfcrt,"  J.  Aircraft,  Vot  24,  No,  11, 
Nov.  19$?,  pp.789-792, 

22.  Roe,  ].  M,,  “A  Olraaiolapy  of  a  Newly.  Defined  Trocowuse  Ullne  Slmuftanenu*  Oronc-Tcwperawrc  Profilct.** 
AFCUTR-8141190,  May  1981. 

23.  Mehta,  R,  S,  “Medelin  j  Clear. Air  Turbulence  wish  Vertices  Usini  Parameter. Identification  Ttchniquej.”  J.  Outdance,  Cone. 
Dynam.,  Vol  10,  No.  1,  Jan.  1987,  pp,  27*31. 

24.  Cancer. a.  F,  “la  the  Mtcroburjt  a  Large  Von«  Ring  Imbcddoo  In  a  Thunder) tt.an  Dowudn/tT*  Eos.  Vol  63, 1982,  p.  899. 
23.  Woodfield,  A.  A.  and  Woods,  J,  F,  “Worldwide  Experience  of  Wad  Shear  During  1981*1982.“  AOARD  CP-347.  Oct  1983. 

26.  Bedard,  A..  “Microbunt  Vonkity.“  A1AA  Paper  874JW0, 1987. 

27.  Schultz, T.  A.. “A  Multiple-Ring-Vottex  Modelof  the  DFW Mierobunu"  AtAA  Paper 88456SJ,  Jan.  1988. 
ACKNOWLEDGMENT 

The  authon  thank  Dermis  Gn.  Ai  and  others  on  the  staff  at  the  National  Transportation  Safety  Board,  Washington.  D.C,  for 
their  aid  in  obtaining  the  data  used  in  this  report. 


tttxtntt  rot  ai»*o«wi  nn  am  tvmummcr  HMitmHRT 
by 

Dr.  fster  vfirsmsnn 
President 

Aerodau  riwgmelUechnlk  CsbX 
Rebenring  33 
0-3300  Srsunschvutg 
federsl  Republic  of  c«r*»ny 


tSOWWHf 

for  many  years  aircraft  have  been  equipped  for  research  In  wind  end  turbulence 
measurements.  Very  often  the  syatem  installation  con»Ut*4  of  sansors  and  recording 
hardware  whiefc  wa#  bpread  all  over  the  aircraft.  TM*  paper  will  describe  a  modern 
system  solution,  where  all  components  are  integrated  In  an  external  pod  for  aircrtft  and 
helicopter  applications. 

After  a  brief,  description  of  the  principles  for  airborne  wind  measurements, 
advantages  and  disadvantages  (or  different  system  solutions  will  be  dlecueeed.  the 
presented  pod  solution  includes  a  software  ami  hardware  concept,  which  allows  to 
determine  all  three  components  of  the  wind  vector  In  real  time  on-bo4rd  the  aircraft. 

flight  test  reeulte  are  presented,  which  demonstrate  the  achievable  accuracies  for 
the  horixontal  and  especially  the  vertical  wind  component,  this  includes  the  effects  of 
dynamic  aircraft  maneuvers,  finally  an  outlook  is  given,  what  kind  of  precision  can  be 
achieved  In  the  future,  when  satellite  navigation  systems  will  be  available  on  a  at  hour 
basis. 
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1.  1HTROOUCWOM 

the  results  of  airborne  turbulence  seasurnnants  have  been  very  useful  in  the  past 
for  aeronautical  engineers,  for  example,  to  establish  models  for  simulators  and  to 
perform  fatigue  and  load  analysines.  lately  the  need  for  roal-timo  measurements  has 
Increased  significantly  by  users  from  other  scientific  cosmunities,  e.g.  meteorologists 
and  air  chemlatp. 

Modern  Airborne  atmospheric  and  environmental  survey  systems  require  not  only 
alrchemical  sensors  but  also  a  complete  sensor  package  for  wind  and  turbulence 
measurements.  Such  a  system  is  capable  of  performing  the  necessary  in-aitu 
Investigations  to  find  out  the  actual  transport  of  polluted  sir  and  the  turbulent 
transports  of  momentum,  heat,  and  moisture. 
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Sa  a  subsystem  for  keronautical  and  environmental  research  aircraft  thn  Aerodat* 
company  ha*  developed  an  airborne  wind  and  turbulence  tyske*  (or  aircraft  ami 
helicopter*.  The  systea  la  called  HCTEOTOO  end  la  currently  (lying  on-board  the  daraan 
polar  research  aircraft  of  tha  Alfred-wegener-Inatltut*  (Oeraan  Inatituta  (or  Talar-  and 
Karina  ttaaaarchl'  Figure  1  ahowa  tha  pod  undar  tha  win#  ot  the  Tolar  4,  a  Dornlar  I'd  321 
aircraft. 


3.  TUB  TRlNCITUt  Of  AIRBORNE  VINO  AMO  TURRULEMCK  DETERMINATION 

fro*  an  aircraft  wind  can  not  be  Measured  directly.  Only  by  taking  tha  vector 
difference  t(lg.  3)  between  the  inertial  velocity  v,  end  tha  aircraft  movement  relative 
to  the  air.  the  true  alrepeed  v,  the  wind  vector  v«  nay  be  computed  (ref.  1). 

(ue,  V. ,  V»),  •  (u*.  V,  ,  V,  ),  -  (u,  v.  w)« 

One  should  note  that  the  magnitude  of  the  wind  ’actor  differ*  to  the  other#  by  at 
least  one  order.  Therefore  an  accurate  measurement  of  tha  inertial  velocity  and  the  true 
airspeed  euat  be  insured. 

The  horlxontal  component*  of  the  inertial  velocity  can  be  taken  from  a  suitable 
lnartlal  navigation  ayetea.  The  inherent  drift  and  Schuler-error  ot  such  a  ayatee  can  be 
eliaenated  In  the  future  by  combining  it  with  a  satellite  navigation  ayste*  like  GTS 
(Olobal  Toaitioning  tyatee)  through  Kalaan  filtering  techniques.  Than  the  good  dynamic 
behavior  of  the  inertial  ayetea  ia  aupported  by  the  excellent  long  ter*  precision  ot 
Ora.  Thu*  an  accuracy  ot  0.1  */*  can  be  expected  for  the  total  frequency  band. 

The  vertical  channal  of  inertial  *yetea«  ia  principally  unstable,  unless  it  is 
atabllixed  with  external  altitude  indorsation.  In  order  to  reconstruct  vertical  speed. 
It  ie  state  of  the  art  to  stabilixe  the  Integration  ot  the  vertical  accelerometer  using 
a  barometric  sltiMter  (ref.  3),  where  in  future  the  altiseter  nay  be  replaced  by  the 
altitude  output  ot  the  GTS-signal. 

While  the  Inertial  components  can  be  gathered  from  one  box,  the  Inertial  navigation 
syate*.  there  ia  no  one  box  systea  tor  true  airspeed.  To  obtsin  the  aagnltude  of  the 
true' airspeed  vector,  it  is  aost  common  to  derive  it  from  dynamic  pressure,  static 
pressure,  and  total  tenperatura. 
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In  order  to  characterise  the  direction  of  the  airflow.  It  is  necessary  to  aoasure 
angle  of  attack  and  angle  of  sideslip  of  the  aircraft.  Before  ths  vector  difference 
between  luertlel  velocity  end  true  airspeed  can  be  coaputed,  the  true  airspeed  vector 
has  to  be  transformed  into  the  earth-fixed  coordinate  aystea,  which  by  nature  Is  the 
syetea  in  which  the  wind  vector  ie  defined. 

The  coaplete  transformation  includes  two  rotation  processes.  First  the  true 
airspeed  vector  is  transforaed  into  the  aircraft-fixed  coordinate  aystea  ualng  angle  of 
attack  and  angle  ot  sideslip  as  rotation  angles.  The  final  rotation  into  the  earth-fixed 
system  is  performed  with  the  attitude  angle  of  the  aircraft:  roll,  pitch,  and  true 
heading. 

The  resulting  equations  for  the  true  airspeed  coaponents  contain  numerous  SINE-  and 
COSINE  functions,  see  references  3  and  4.  These  references  also  describe  how  wind 
component  errors  depend  on  individual  sensor  errors. 


3.  CONVENTIONAL,  SYSTEMS 

Currently  aost  resoarch  aircraft  throughout  the  world  usa  inatruaentation  packages 
for  wind  and  turbulence  aeasuresents,  which  are  specifically  adapted  to  tha  aircraft  In 
use.  Thare  is  no  portability  fro*  one  aircraft  to  another  without  aajor  modifications  of 
the  aircraft  and  the  measuring  aystea. 

Figure  3  demonstrates  n  typical  exaaple  of  a  conventional  turbulence  aeasuring 
systsa.  It  pictures  the  system  Of  the  DO  23'  rosvmrdii  liierkfv  ut  ih«  -Tvcbnischo 
Univeroitlt  Braunachweig,  Oeraany,  (ref.  4).  Thie  airersfb  !<«»  uaadL  ,m  a  teat  bed  to 
develop  aenaor  know-how  and  real-time  technology  for  wind  and  turbulence  aeasuring 
syateas.  This  technology  was  latar  tranafered  to  design  tha  Heteopod  systea  which  is 
described  in  the  following  chapter. 

Conventional  aystaaa,  aee  fig.  3,  often  use  a  nose  boca  in  order  to  measure  the 
undisturbed  airflow  ahead  ot  the  aircraft.  In  order  to  really  measure  undisturbed 
airflow  the  nose  boo*  should  be  as  long  ts  possible.  However,  a  design  coaproeise  has  to 
be  aide  between  desired  boom  stiffness,  boom  weight,  and  aircraft  operability. 

Stiffness  is  a  very  iaportant  design  criteria,  bow  algan-frequanclea  of  elastic 
boons  often  show  up  as  paaks  in  turbulence  spectra  and  therefore  disturbs  the 
aeasureaent.  Thus  there  seeas  to  be  a  trend  to  change  (row  a  none  boom  installation  to 
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airflow  sensing  in  the  none  o£  the  alrcrcft,  This  can  be  achieved  by  installing  a  3  hole 
probe  in  the  nose  (ret.  5),  vhere  differential  preaaura  measurements  yield  angle  of 
attach,  angle  ot  aldeelip,  and  total  prssaur*. 

Certainly  the  airflow  around  the  noee  in  »oro  disturbed  than  at  the  tip  of  a  nose 
booa,  but  it  eases  possible  to  calibrate  the  flow  and  corract  for  nonlinear  effect*  in 
real-time  by  the  computer. 

even  though  all  airflow  and  temperature  sensors  aa  well  as  inertial  ayateas  can  be 
concentrated  around  the  nose  within  short  distance  ot  each  other,  which  la  a 
prerequisite  for  turbulence  aeaaureaenta,  there  la  the  need  tor  further  Integration  and 
quick-change  ayatea*  that  handla  turbulence  algorithm  in  real-tiae. 


4.  nr.  Henwroo  imw 

The  Heteopod  ia  an  integrated  system  solution  to  combine  all  aenalng  unite 
necessary  for  airborne  wind  and  turbulence  aeaaureaenta  in  one  external  compartment.  the 
aenaor  configuration  ailowa  the  reglatration  of  the  long  tera  valuea  as  veil  as  the 
turbulent  fluctuation*  ot  wtndi  tsaperature,  and  humidity. 

figure  4  given  a  acheaatic  presentation  ot  the  hardware  location  ot  sensors  and 
data  acquisition  and  control  unite  in  th*  pod.  The  pod  itself  ie  of  fibre  glaaa 
construction,  fta  cigar  shaped  body  measures  about  4  eaters  in  length  and  haa  a  diameter 
ot  about  50  centimeters.  The  total  weight  depends  on  the  actual  system  configuration.  A 
typical  weight  including  the  pod  with  its  equipment  but  excluding  the  aircraft  pylon  ie 
about  100  kg. 

In  table  1  a  typical  list  of  suitable  sensor*  and  devices  tor  a  wind  and  lurbulonco 
aeaauring  system  ia  given  as  it  la  realised  in  the  Hetuopod  system.  The  total  power 
requirement  tor  all  sensors,  power  converters,  control  units,  and  preprocessors  is  in 
the  order  ot  500  Watts. 

Tbs  hardware  is  mostly  ail-specified  as  far  as  the  temperature  range  is  concerned. 
However,  some  sensor*  arc  only  available  aa  coasarcial  hardware  with  Halted  temperature 
range.  Thera  la  a  need  to  operate  th*  systea  in  cold  weather  environments,  as  it  is 
planned  to  fly  it  in  German  Antarctic  missions.  Tharefors  the  pod  has  boen  equipped  with 
a  tasperatura  controlled  heating  system.  To  heat  th*  Inside  of  the  pod  and  the  five-hole 
slrflow  probe  at  the  tip  in  icing  conditions  anothor  3000  Watt  have  to  be  supplied. 
Primary  power  is  oupply  is  ilS'V/400  tlx  and  it  is  supplied  from  the  inside  ot  the  cabin 
trough  th*  wing  and  pylon  to  the  pod.  AC/DC  Power  converters  thun  generate  all  other 
voltages  required  inside  the  pod. 

The  main  advantages  ot  the  Heteopod  systea  compared  to  conventional  ones  are 
manifold. 

Vs*  first  advantage  is  the  short  dintanco  ot  0.5  aeters  between  the  flow  sensing 
head,  tha  temperature  and  humidity  probes,  and  th*  inertial  navigation  or  reference 
ayatea.  At  an  aaauaed  true  airspeed  ot  50  m/s  and  a  sampling  rate  of  100  Hx  it  is 
possible  to  aaasurs  the  turbulent  transports  ot  aosantua,  heat,  and  moisture  for 
mlcroaeteorologlcal  applications. 

Spectral  reaulte  from  convantlonal  systems  very  often  contain  resonanco 
fraquanclas,  which- often  originate  from  nos*  boom  oscillations  in  the  order  of  5  to  30 
Kx.  Sanaor*  thenaelvea  may  also  cause  resonances  and  therefore  disturbs  the  turbulence 
spectrua.  Th*  dynamic  behavior  of  flight  logs  (ref.  3  and  4)  and  tubing*  between  between 
air  flow  pressure  porta  and  pressure  sensors  are  typical  examples  for  this  problem, 
where  tubings  create  the  so-callad  'organ  pipe*  effect. 

Both  problem*  do  not  occur  in  th*  Heteopod.  Th*  tube  lines  are  very  abort,  only 
about  40  centimeters  in  langth.  This  raaulta  in  a  resonance  frequency  well  above  100  Hx, 
which  la  th*  current  aaapling  rate  for  the  system. 

The  pod  doee  not  have  a  booa.  The  fibre  glass  construction  for  th*  noma  tip  la  very 
stiff.  Thus,  no  peaks  are  to  b«  expected  in  turbulence  spectra  due  to  mechanical 
c-lasticitiaa.  - 

one  of  the -moat  practical  festwrme*  of  th*,  Heteopod  ia  its  variability  concerning 
th*  operating  aircraft.* -Tha*  "b**/'  C4a -not  only  be  aounted  together  with  a  pylon  on 
several  aircraft.  In  the  near  fu'.iirv  it  cap  also  be  oparated  by  helicopters,  where  tha 
pod  la  flying  as  an  axtsrnel  load  hanging  on  a  rope  about  5  to  15  matars  below  tha 
helicopter,  rigur*  i  shows*  th*  prototype  version  of  the  helicopter  pod  with  its 
stabilising  tins. 

Aa  an  integral  part  th*  Heteopod  package  include*  data  acquisition  and  modern  raal- 
tls*  processing  and  monitoring  systems  aa  wall  a*  a  post-procaaaing  software  for 
spectral  analysis.  Thus  tha  Heteopod  is  a  complete  engineering  solution  from  th*  senior 
to  post-flight  analysis.  Du*  to  today's  necessity  to  perform  mors  and  mors  processing 
on-line,  th*  following  seperat*  chaptar  is  dedicated  to  dascrib*  the  rsal-tis*  needs  to 
compute  turbulence  data. 
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5.  REAL-TIKE  FROCERRIW  Of  WHO  DATA 

An  airborne  data  system  (or  wind  and  turbulence  measurements  requires  special 
attributes  to  execute  an  «((«ctlv«  (light  test.  Tha  operator  must  have  a  oood  insight 
Into  all  aanaor  data,  the  status  ot  each  sensor*  the  computed  results,  and  the  actual 
(light  condition  o(  tha  aircraft.  Only  with  thla  capability  at  the  operator's  hand  It  la 
possible  to  Influence  further  flight  operationa  and  ensure  the  success  of  csch  test 
(light.  Therefore  the  system  must  perform  In  real-time. 

A  (light  teat  aircraft  equipped  (or  wind  and  turbulence  measurements  la  a  complex 
and  an  expensive  testbed  and  sensor  platform.  Only  a  real-tine  system  can  keep 
development  and  operating  coats  down  to  a  minimum.  The  computer  system  has  to  be 
pow«r(ul,  flexible,  and  nodular  in  its  hardware  and  software  design,  see  reference  6. 

Figure  6  ehows  the  hardware  concept  for  the  total  meteopod  system.  In  the  pod 
lteself  there  is  a  preprocessor,  which  collects  all  analog,  synchro,  and  digital  data. 
It  also  receives  and  sorts  data  from  the  high  speed  AR1KC  439  bus  of  the  inertial 
navigation  eyetaa  in  tha  pod.  It  supplies  accelerations,  body  rates.  Inertial 
velocities,  ettltude  engles,  end  position  data.  Ml  data  is  then  transmitted  at  a  rate 
ot  100  aeaples  per  second  via  pulse  code  modulation  (PCM)  to  the  main  computer  in  the 
altcraft  cabin. 

Inside  the  cabin  a  powerful  computer  system  can  be  installed  that  performs  the 
necessary  real-time  calculations,  e,g.  the  transformation  ot  the  true  airspeed  vector 
into  the  earth-fixed  coordinate  system  (ref.  G  and  I).  Besides  the  data  processing  and 
data  registration,  the  on-board  software  has  to  perform  another  important  taaki 
monitoring. 

The  software  is  the  heart  ot  a  modern  turbulence  measuring  system.  The  software 
package  KODAKS  (Modular  Data  Acquisition  and  Honltoring  System)  performs  all  required 
tasks,  especially  the  monitoring  tasks,  and  can  be  implemented  due  to  its  modular 
concept  on  ell  current  and  wide-spread  computer  systems  like  DEC  LSI  11/73,  DEC 
HlcroVex,  VHE-Bus,  and  PC's  (see  ret.  6  and  7). 

The  software  written  in  MOOULA  3  has  to  execute  parallel  processes,  which  ero 
handled  by  the  job  scheduler,  see  figure  7.  Those  are  the  high  priority  real-time 
process  and  the  lower  priority  processes  like  monitoring,  dialogue  ulth  the  operator, 
tape  recording,  terminal  I/O,  printer  output  tor  a  screen  hardcopy  and  the  output  ot  a 
contlnous  flight  test  protocol. 

Data  storage  on  streamer  tapes  as  well  as  alphanumerical  and  graphical  monitoring 
is  performed  in  engineering  units.  Figure  I  it  t  sample  hard  copy  of  an  altitude 
tesperature  profile  collected  on-line  during  a  moterological  mission  with  the  Polar  4  in 
1981.  Tha  tesperature  inversion  in  thla  figure  can  be  clearly  seen.  Thus  ad  hoc  flight 
altitudes  could  be  chosen  that  depended  on  the  inversion  layer. 

Figure  I  alto  picturlxes  three  windows  that  should  be  accessible  to  the  operator 
during  flight  teat.  The  upper  left  hand  corner  represents  the  dialogue  window.  It  la 
used  like  s  smell  terminal,  where  the  operator  inputs  instructions  into  the  syotem.  The 
status  window  can  be  seen  in  the  upper  right  hand  corner.  It  contlnoualy  displays  to  the 
operator  all  important  system  states,  e.g.  status  of  date  transfer  from  the  Hetaopod 
preprocessor,  realtime  load,  time  information,  ovont  counter,  tape  status  and  printer 
status  as  wall  as  graphical  monitoring  status.  The  bottom  part  of.  tho  screen  is  the 
monitoring  window,  where  the  operator  can  switch  between  10  alphanumorical  and  6 
graphical  menues. 


6.  FLIGHT  TEST  RESULTS 

An  efficient  hard-  and  software  system  like  the  one  presented  in  the  preceedlng 
chapter  is  a  prerequisite  to  perform  successful  wlvid  and  turbulence  measurements.  It  can 
greatly  support  the  quality  assurance  of  the  computed  dots. 

Two  examples  for  the  quslity  assurance  of  the  in  rv  tl-tlme  computed  wind  data  will 
be  presented.  The  flight  maneuvers  hsve  been  chosen  in  s'  way,  which  allow  to  find  out 
specific  sensor  errors  or  mlscellbrations.  The  first  one  is  a  360  degree  turn  by  the 
aircraft.  This  is  the  typical  maneuver  to  check  out  the  quality  of  the  computed 
horixontsl  wind  componente.  The  vertical  wind  component  is  mostly  influenced  by  extreme 
vertical  maneuvers  of  the  airplane  (ref.  3  end  9).  Therefore  the  phygoid  motion- of  the 
aircraft  can  be  excited  as  a  good  check-out  procedure. 

Figure  9  shows  .4he  north  end  east  wind  component  ss  well  as  the  true  heading  for 
two  consequtlve  360  degree  turns.  One  can  clearly  note  the  sinusoidal  behavior  of  the 
two  wind  components,  which  contain  a  90  dsgraa  phase  shift  botween  the  two  components. 
Assuming  that  thare  is  no  wind  changa  during  this  maneuvar,  thera  must  he  a  sensor  error 
or  mlscallbration  present. 

Quite  a  faw  sensor  errors  result  in  true  heading  dopendent  wind  component  errors 
(sea  ref.  3  and  4).  This,  is  the  case  here.  Using  a  linear  error  model  (ref.  3)i  the 
following  equations  for  the  wind  component  errors  can  be  derived’ for  a  turn  maneuver : 
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Taking  «  look  at  tha  phase  of  the  wind  component  errors  in  figure  9,  It.  can  be  seen 
that  the  maxima  and  minima  occur  at  0* ,  90* .  110* ,  and  3C0' .  Thereto'*  It  can  be 
concluded  that  no  major  errors  are  present  in  angle  ot  sideslip,  angle  or  attack, 
heading,  and  bank.  In  this  specific  example  the  equations  reduce  to: 
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Assuming  that  the  inertial  velocity  errors  u,,  and  v>#  did  not  change  during  the 
turn  maneuver,  the  true  airepeed  error  can  he  calculated  Iron  the  following,  very  staple 
relationship. 
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Thus  during  this  calibration  flight  there  was  a  true  airspeed  error  in  the  order  ot 
5.5  s/s.  Errors  like  this  can  usually  he  tracked  back  to  talae  calibration  curves  ot  the 
pressure  transducer.  Calse  calibration  parameter  inputs  into  the  real-time  system,  or  a 
false  pliot-statlc  calibration  ot  the  pressure  ports. 

Figure  9  Just  served  as  an  extreme,  but  clear  exaeple,  how  sensor  errors  can  be 
detected  during  a  turn  maneuver.  For  thin  actual  flight  the  assuaed  pitot-static 
correction  was  wrong.  After  inserting  the  correct  values  on  the  ground,  figure  10 
deaonatratss  that  no  significant  changes  in  wind  speed  as  a  function  ot  true  heading  are 
any  longer  detected  during  the  turn. 

The  first  Ketaopod  trials  were  flown  with  the  research  aircraft  of  the  Technischo 
UnlveraiUt  Braunschweig,  a  Dornler  138.  Figure  11  shows  the  results  for  the  coaputed 
vertical  wind  speed  during  the  phygoid  aotien.  Prawn  in  this  figure  ares  Urn  inertial 
vertical  velocity  coaputed  by  an  observing  algorithm  froa  earth-fixed  vertical 
acceleration  and  barometric  altitude  (see  ret.  4).  the  vertical  true  airspeed  component 
(inverted  in  sign),  and  the  resulting  vertical  wind  speed  coaponont. 

It  ie  of  interest  to  note  that  the  vertical  wind  speed  (curve  3)  shows  a  sinusoidal 
behavior  with  time,  which  is  not  acceptable  (or  quality  measurements.  The  other 
interesting  fact  is  that  there  is  an  apparent  phaao  lag  between  the  vertical  coaponents 
of  true  airspeed  and  inertial  velocity.  After  some  investigation  it  was  found  that  the 
output  signal  for  the  earth-fixed  vertical  acceleration  of  tho  inertial  reference  system 
was  low-pass  filtered.  Reconstructing  the  "original"  acceleration  signal  by  a  digital 
(liter  with  inverse  characterstlcs,  before  it  entered  the  observing  algorithm  for 
vertical  speed  estimation,  wan  tha  cue  to  reverse  the  phase  shift  problem. 

This  oxaaple  shows  that  it  is  not  only  necessary  to  carefully  calibrate  eonoorav 
especially  the  airflow  eenaora,  but  is  also  necessary  to  identify  resonance  frequencies 
of  the  Installed  sensors  and  as  in  tills  caso  identity  tho  time  behavior  of  tho  signals 
used.  Otherwise  the  resulting  wind  components  may  be  qulto  err ancons.  Figure  12 
represents  the  corrected  results  for  tha  vertical  wind  speed  using  the  high-pass  filter 
mentioned  above.  Even  though  extrem  vertical  speeds  of  up  to  20  m/a  were  flown  in  this 
manouver.  the  vertical  wind  apoed  could  now  be  correctly  coaputed. 

Typical  accuracies,  which  are  currently  achieved  in  the  Heteopod  system,  are  in  the 
order  of  1  a/s  for  tho  horizontal  wind  coaponents  and  0.3  m/s  for  the  vertical  wind 
component.  This  la  the  total  error  calculated  from  a  Gaussian  arror  propagation  modal 
including  sensor  offsets,  drift,  temporaturo  effects,  etc.  The  error  of  the  horizontal 
component  ie  mostly  due  to  the  drift  and  Schuler-error  of  inertial  navigation  system. 
However,  turbulent  fluctuations  are  measured  far  more  precisely  because  they  do  not 
depend  on  offsets,  tor  example.  Their  accuracy  tor  all  coaponents  is  in  the  ordar  of  0.1 
m/s.  As  an  example  for  the  possibilities  ot  the  system  figure  13  presents  the  results  of 
a  vertical  sounding  tor  the  three  wind  components,  static  temperature,  and  relative 
humidity. 


7.  CONCLUDING  REMARKS 

The  paper  briefly  discussed  the  theoretical  background  for  determining  tho  wind  and 
turbulence  vector  on-board  of  aircraft.  After  describing  conventional  systems  for  tha 
measurement  of  wind  and  turbulence,  a  new-dntegral  system  approach  was  presented,  where 
the  Heteopod  system  permits  high  resolutional  micro  end  masoscale  atmosperic 
oeasurements. 

All  data  can  be  monitored  in  er.jlneering  units  on  screens  in  alphanumerical  and 
graphical  form.  With  the  mentioned  software  concept,  the  flexibility  ot  che  computer 


system  and  its  monitoring  capabilities  the  operator  i*  able  to  undertake  a  flexible 
CUgbt  planning.  Ko  longer  rloid  pra'ixed  night  pattern*  have  to  bo  followed,  which 
after  tedious  off-line  calculations  often  have  proven  to  be  wrong  In  the  past. 

Computation  power  can  be  further  Increased  In  the  near  future,  the  addition  of 
snail  and  fast  vector  processors  will  allow  real-tin*  sanpllng  and  ccnputatlon  of 
turbulence  data  in  the  order  of  up  to  300  Mx  and  higher.  Nov  no  longer  the  conputer  Is 
the  bottleneck.  It  it*  the  slower  response  tine  of  sons  sensors. 

A  helicopter  version  of  the  Kettopod  system  Is  under  development,  which  win  be 
completely  Independent  on  helicopter  power  and  which  will  have  a  telemetry  link  for  data 
transmission  between  the  pod  and  the  computer  system  in  the  helicopter.  Thus,  by  simply 
flying  an  external  load  under  a  helicopter,  wind  and  turbulence  measurements  will  be 
possible  in  remote  areas  in  the  near  future. 

Title  Is  of  special  interest  e.g.  for  helicopter  operations  from  ships  In  Antarctica  and 
Arctlca. 

Resides  this  promising  outlook,  the  most  challenging  new  feature  In  wind  and 
turbulence  measurements  will  be  the  availability  of  satellite  navigation  systems,  kith 
their  position  and  groutidapeed  accuracy  it  will  be  achievable  to  measure  all  wind 
components  with  a  precision  of  0.1  m/«.  Thus  airborne  meaaureaente  will  fall  into  the 
name  precision  category  as  ground  based  anemometer  data. 
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fig.  5:  Helicopter  version  of  the  Ueleopod 
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SWtXART 

All-weather  lost  programs  historically  reveal  design  deficiencies  that  Impact  the 
operational  capabilities  of  the  vehicle  involved.  Therefore,  testing  is  required  to 
ensure  that  Air  force  weapon  systems  can  be  effective  under  varying  or  extreme 
environmental  conditions.  The  major  purpose  of  ail-weather  testing  is  to  determine  to 
what  extent  a  weapon  system,  its  essential  support  equipment  and  crews,  can  accomplish 
the  design  mission  in  the  required  climatic  conditions. 

This  paper  addresses  the  requirements,  purposes,  and  methods  for  conducting  ground  and 
flight  tests  under  simulated  and  actual  climatic  extremes.  The  ideal  all-weather  test 
program  is  discussed  in  sufficient  detail  for  an  overall  understanding  of  the  major 
phases.  The  United  States  Air  Force  (U3AF)  approach  to  all-weather  testing  is  presented, 
including  regulatory  requirements.  The  current  methods  of  planning,  extent  of 
participating  test  organisation  Involvement,  and  need  for  concurrent  testing  in  U3AF 
all-weather  test  programs  of  new  weapon  systems  are  discussed. 


INTRODUCTION 

Necessity  for  environmental  testing  of  U.S.  military  equipment  dates  back  to  1914  when 
a  military  review  board  recommended  that  tactical  units  be  trained  in  various  areas  of 
the  United  States  under  winter  conditions,  and  that  at  least  one  composite  squadron 
undergo  all-year  training  in  AUska  on  a  continuing  basis.  This  recommendation  was  based 
on  problems  that  were  found  In  arctic  conditions..  Typical  problems  Included  difficulty 
in  starting  engines,  hardening  of  seals  and  gaskets,  fuel  leaks.  Increased  fluid 
viscosities,  and  extended  warm-up  times.  Other  environ'  ,  extremes  also  presented 
problems,  and  the  involvement  of  U.S.  military  forcer..  Orth  Africa  curing  World 
War  if,  and  in  Southeast  Asia  from  1980-1970,  reinforced  the  requirement  foe  worldwide 
operational  capability.  Bombers  locate,)  in  North  Africa  experienced  problems  such  as 
lubricant  breakdown,  rubber  deterioration,  sand  erosion,  and  subsystem  overheating 
during  exposure  to  the  hot  desert  climate.  Problems  encountered  in  the  Southeast  Asia 
tropical  environment  Included  compartment  seal  deficiencies,  vater  entrapment  and 
subsequent  freexlng  at  altitude,  corrosion,  mold,  and  mildew  difficulties.  These 
problems  emphasised  the  need  for  designing  equipment  to  withstand  all  expected 
environmental  conditions  and  the  need  for  operationally  testing  weapon  systems  to 
evaluate  the  effectiveness  of  these  designs. 

Two  men.  Colonel  13.  O.  Russell  and  Lieutenant  Colonel  A.  C.  McKinley,  were  mainly 
responsible  for  developing  climatic  test  policies  and  facilities  in  the  United  States. 
Lieutenant  Colonel  McKinley,  because  of  his  experience  in  ferrying  aircraft  to  the 
Soviet  Union,  suggested  that  all  U.S.  aircraft  and  equipment  be  operablo  at  temperatures 
as  low  as  -65  degrees  F»  and  that  a  refrigerated  hnnger  be  constructed  at  Eglin  Air 
force  Base  (AFB)  Florida  to  produce  such  an  environment  under  controlled  conditions.  The 
reasons  for  such  *  testing  facility  were  numerous.  By  .1944,  the  U.S.  had  become  a  global 
power  with  forena  deployed  worldwide,  and  the  future  demanded  a  force  capable  of 
operation  in  all  global  environments,  further,  since  testing  at  remote  sites  was 
expensive  and  had  produced  only  meager  results,  Lieutenant  Colonel  McKinley  reasoned 
that  testing  under  controlled  conditions  would  be  far  superior  In  useful  results  and  up 
to  ten  times  more  economical.  The  weapon  system  could  subsequently  be  deployed  to 
selected  extreme  weather  sites  and  flown  to  evaluate  the  areas  not  possible  in  a.  static, 
ground  envt!  ynment. 

OBJECTIVES 

The  major  objective  of  all-weather  testing  is  to  determine  to  what  extent  a  weapon 
system,  including  its  essential  support  equipment,  maintenance  personnel  and  aircrews 
can  accomplish  the  design  mission  in  the  required  climatic  extremes  using  technical 
order  (T.O. )  procedures.  Specific  objectives  of  ell  weather  testing  include  defining  the 
effects  of  the  environment  on  the  integrated  system,  suggesting/developing  corrective 
actions  including  design  changes  and  workaround  procedures,  assessing  operational 
impacts  such  as  system  effectiveness,  safety,  and  operating/aaintenance  coots,  snd 
initiation  of  changes  at  sn  early  stage  of  the  program. 

IDEAL  ALL-WEATHER  TEST  PROCRAM 

An  ideal  all-weather  test  program  would  consist  of  several  consecutive  Developmental 
Test  and  Evaluation  (DTfE)  phases.  The  program  would  begin  with  climatic  laboratory 


lusts,  then  proceed  to  In-Might  ieing/ratn  And  climatic  deployments.  This  Ideal  program 
would  allow  a  buildup  approach  to  all-weather  testing,  the  climatic  laboratory  tests 
would  provide  preliminary  data  during  ground  tests  and  identify  possible  problem  areas 
before  beginning  climatic  Might  tests.  The  in-Might  icing/rain  tests  would  provide  a 
simulation  of  icing  or  rain  conditions  that  may  be  encountered  by  the  test  vehicle,  trie 
climatic  deployments  would  then  allow  for  testing  the  test  vehicle  in  an  operational 
environment  in  climatic  extremes. 


McKinley  Climatic  Laboratory* 

The  McKinley  Climatic  Laboratory  at  Kglin  M'S  Florida  is  normally  used  for  the  first 
test  phase.  The  laboratory  is  an  Insulated  hangar  having  a  total  enclosed  volume  of 
approximately  1.2*3.500  cubic  feet.  The  site  of  tho  main  chamber  permits  testing  of  very 
large  items  (e.a.,  C-SA)  of  equipment  and  complete  weapon  systems.  Also,  several  tests 
can  be  conducted  simultaneously  depending  on  the  site  and  complexity  of  the  Individual 
Items.  Tiedown  rings  are  installed  in  the  concrete  floor  for  anchoring  tent  vehicles  snd 
other  equipment.  Usable  floor  space  In  the  main  chamber  is  55.000  squire  feet.  Tasks 
accomplished  in  the  climatic  laboratory  arei 

1.  Identification  of  any  potential  climatic  related  safety  of  flight  deficiencies. 

2.  Verification  and  adequacy  of  T.O.  procedures  related  to  ground  operation  and 
maintenance  functions. 

3>  Support  equipment  adequacy  and  compatibility  with  the  weapon  system  under  test. 

4.  Human  factors  evaluations  during  test  vehicle  operation  and  maintenance 

activities. 

5.  establishment  cf  subsystem  baseline  date  under  controlled  conditions. 

5.  Development  of  workaround  procedures  for  problems  encountered. 

Component  and  subsystem  qualification  testa  in  extreme  conditions  should  have  been 
completed  by  the  contractor  prior  to  testing  of  the  complete  air  vehicle  and,  therefore, 
are  not  usually  Included  in  climatic  laboratory  tests.  However,  components/subsystems 
which  have  been  Identified  as  marginal  or  critical  for  extreme  climatic  operation  during 
qualification  testing,  are  subject  to  special  attention  during  climatic  laboratory 

testing.  Problems  which  are  Identified  during  climatic  laboratory  testing  are  documented 
and  immediately  submitted  on  appropriate  forms  to  the  System  Program  Office  (Sro)  for 
corrective  action.  Major  deficiencies  are  corrected,  if  possible,  prior  to  deployment  to 
natural  extreme  environment  test  sites,  so  that  these  corrections  can  be  evaluated.  If 
deficiencies  are  not  corrected,  workaround  procedures  are  used,  where  possible. 

Potential  safety  of  flight  problems,  however,  are  resolved  prior  to  further  deployment. 

The  weapon  system  to  be  tested  Is  configured  as  close  to  production  aa  possible.  Any 
deviations  from  production  configuration  are  noted  and  these  deviations  corrected  as 
soon  as  possible.  Tho  most  appropriate  time  is  usually  between  deployments  to 
subsequent  tost  sites  when  the  test  vehicle  can  be  returned  to  the  airframe 

manufacturer's  facility.  Quick  response  ‘fixes*  are  sometimes  incorporated  in  the 
climatic  laboratory  so  that  an  evaluation  of  the  effectivcneas  can  be  made  prior  to 
deployment  to  a  natural  extreme  weather  test  site. 

Functional  tests  it  the  test  vehicle  systems  (with  engines  operating)  and  its  support 
equipment  are  conducted  to  the  fullest  extent  possible  within  the  scheduled  time 
constraints  and  limitations  of  the  laboratory  end  test  setup.  Some  activities  Involve 
a  degree  of  simulation  and  some  T.O.  procedures  may  require  modification  to  be 
compatible  with  the  limitations  of  the  Laboratory. 


Use  of  the  climatic  laboratory  can  save  time  and  cost  by  highlighting  design 
deficiencies  and  manufacturing  faults  before  testing  In  actual  environments  begin.  Also, 
when  deployment  tests  take  place,  comparison  with  climatic  laboratory  test  results  will 
give  added  confidence  In  the  test  results. 

Xn-Might  Icing  and  Rain  Simulation 

'he  next  teat  phase  following  the  climatic  laboratory  evaluation  consists  of  in-flight 
.cing  and  rain  simulation.  These  tests  are  an.  in-flight  '•imulaticn  of  adverse  weather 
conditions.  Thn  tests  are  conducted  using  the  KC-135A  water  spray  tanker  located  at  the 
Air  Force  Flight  Teat  Center  (AFFTC)  at  Edwards  AFD  California.  Icing  tests  are 
conducted  using  a  buildup  approach  with  regards  to  icing  cloud  severity  and  time  of 
exposure.  The  test  vehicle  la  flown  into  the  formed  Icing  cloud  with  only  the  area  under 
test  exposed  (e.g.,  engine,  windscreen).  After  a  predetermined  amount  of  time,  the  test 
vehicle  exits  the  cloud  and  a  photo  chase  documents  the  Ice  accumulations.  A  descent  is 
then  made,  with  photo  chase,  to  document  ice  shedding  charsctcristics.  If  ice  is 
ingested,  the  test  vehicle  returns  to  base  and  an  inspection  carried  out.  These  in¬ 
flight  icing  tests  identify  icing  problem  areas  prior  to  operational  use. 
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ln-£  light  tests  are  also  conducts  using  the  water  spray  tattler  to  simulate  iiight 
through  3  heavy  rain.  Teats  include  evaluation  of  the  engine's  capability  to  ingest 
water  without  stall#  or  flameout,  the  ability  c£  the  windshield  to  resist  erosion,  and 
the  extent  of  clear  vision  areas  provided  by  the  rain  removal  system. 

Climatic  beploymentsi 

When  climatic  laboratory  and  in-flight  icing  tests  are  completed,  and  after  safety  ci 
flight  problems  are  resolved,  the  teat  vehicle  is  deployed  to  extreme  weather  test  sites 
for  continuation  of  all-weather  testing.  The  particular  test  site  (arctic,  hot  desert, 
tropic,  or  adverse  weather}  depend#  on  using  command  requirements  and  the  season  of  the 
year.  Cold  weather  testing  is  done  during  winter  months  at  a  location  sueh  as  Eielaen 
am  Alaska,  or  Cold  Jake  and  Yellow  Knife.  Alberta.  Canada,  hot  weather  testing  is  done 
during  the  summer  months  at  location#  such  as  the  Kauai  Air  facility  iUAP},  El  Centro. 
California,  or  the  Karine  Corps  Air  (Station  (KCAS)  tuna  Arisons.  high  humidity  testing 
ia  done  under  moderate  temperature,  high  humidity,  and  tropical  rain  conditions,  which 
are  typieal  during  the  autumn  months  at  locations  such  as  Howard  Are  Panama,  cr  Clark 
Are  mtlipplne#.  Adverse  weather  testing  is  that  testing  conducted  under  simulated  and 
actual  weather  conditions  which  are  detrimental  to  the  operation  or  performance  of  the 
system  under  evaluation,  it  includes  corrosive  environmental  testing  of  systems  under 
conditions  involving  atmospheric  pollutants  and/or  natural  corrosive  processes.  This 
type  of  testing  has  been  conducted  in  northwestern  Europe.  Adverse  weather  testa  can  be 
conducted  during  cold  and  tropic  weather  testing  when  suitable  conditions  permit. 
Adverse  weather  tests  of  aircraft  include! 

1.  Wet.  oioshy  and  ley  runway/tasiway  performance  and  handling  qualities. 

2.  Operation  after  freeslng  rain  exposure. 

1.  Engine  water  ingestion  on  the  ground  and  in-flight. 

4.  Evaluation  of  Instrument  flight  Pules  firm  capability. 

*.  Evaluation  of  the  effects  of  corrosive  atmospheric  pollutants. 

Tests  are  conducted  at  remote  sites  under  natural  extreme  weather  conditions  to  exercise 
a  complete  weapon  system  in  an  operational  environment  and  to  test  under  conditions  not 
possible  In  the  climatic  laboratory,  normally,  there  is  only  a  short  lime  available  for 
test  accomplishment,  if  the  extreme  conditions  are  not  experienced  in  a  given  season,  it 
probably  win  not  be  possible  to  repeat  the  test  until  the  following  year.  Therefore, 
every  effort  is  made  to  obtain  the  maximum  amount  of  valid  data  in  the  shortest  possible 
time.  Typical  test  time  for  exposure  to  climatic  extremes  of  a  given  ares  are  shown  in 
figure  1. 
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Cold  Weather 

Cold  weather  (arctic)  teat*  In  the  northern  heslspherc  are  normally  conducted  Iron  mtd- 
Decesbcc  to  the  end  of  February.  The  teat  approach  1*  to  cold  soak  the  te*t  vehicle  for 
extended  period#  at  extremely  lev  temperature*,  then  demonstrate  response  to  varlou* 
design  nlsaien  requirements  (alert,  eelf-auffleiency,  ete.)  u*ing  current  T.O. 
procedure*.  Cold  weather  related  problem*  win  usually  begin  at  o  degree  r  (-10 
degrees  Cl  and  there  will  be  an  indication  of  the  most  severe  problem  by  the  tine 
-JO  degrees  r  (-39  degrees  Cl  Is.  reached.  However,  at  extre*ely  low  teameratutes  (-40 
to  -45  degrees  FI  (-40  to  -54  degrees  C),  Inability  to  start  without  using  workaround 
procedures  and  total  system  failures  are  likely. 

The  test  vehicle  la  operated  fro*  snow,  slush  or  Ice  covered  runways  to  satisfy  adverse 
weather  test  requirement*  when  condition*  permit.  Test  flights  are  made  to  exercise  the 
systems  in  dynamic  conditions  not  possible  in  the  climatic  laboratory.  Emphasis  Is 
placed  on  evaluating  engine  starting,  hydraulic  system  operation,  environmental  control 
system  (£C3)  effectiveness  and  avionics  system  (Including  radar)  (unctions. 


Hot  oesert  Testa 

Hot  weather  (hot  desert)  tests  in  the  northern  hemisphere  are  usually  conducted  from 
mid-dune  to  the  end  of  August.  The  desired  conditions  are  105  degrees  F  (41  degrees  Ci 
with  high  solar  radiation.  System  specification  requirement*  are  usually  130  degrees  F 
(49  degrees  C)  and  355  British  Thermal  Units  per  square  foot  (1119  watts  per  square 
meter)  per  hour  solar  radiation.  The  best  sites  are  usually  those  close  to  aes  levgl 
altitude  where  high  solar  radiation  occurs  and  ambient  temperatures  remain  high 
overnight  such  that  total  systems  heat  soaking  occurs. 

The  teat  approach  Is  to  heat  soak  the  test  vehicle  for  extended  periods  of  time  in  the 
extreme  hot  temperature  and  solar  radiation,  then  demonstrate  response  to  various  design 
mission  requirements  at  wgrst-case  conditions,  indications  of  the  most  severe  hot 
weather  related  problems  will  begin  to  appear  at  IbS  degrees  F  (41  degress  C). 

The  test  vehicle  is  ■clvr-‘d  up  and  parked  In  the  open  with  the  nose  facing  south  to 
maximize  solar  radiation  through  the  cockpit.  The  complete  weapon  system.  Including 
critical  ground  support  equipment  such  as  sir  conditioning  and  electrical  ground  power 
unit*,  Is  operated  during  periods  of  peak  solar  radiation  and  ambient  temperature.  Taxi 
time  is  maximised  and  heavy  gross  weight  takeoff*  are  conducted  to  tax  the  engines  and 
secondary  power  systems  in  the  extreme  heat.  Flight  at  low  altitude  la  conducted 
consistent  with  mission  requirements  to  exercise  the  ECS,  avionics,  and  other  critical 
subsystems  such  as  air/oil  heat  exchangers  in  the  most  stringent  hot  waather  conditions. 

High  Humidity 

High  humidity  (tropic)  testa  in  the  northern  hemisphere  ore  usually  conducted  from  aid- 
Septecbsr  to  mid-Hovember.  The  test  approach  is  to  soak  and  then  operate  test  vehicle 
systems  in  a  modorato  ambient  temperature,  high  humidity  environment.  Test  flights  are 
conducted  at  peak  ambient  temperature  and  during  or  immediately  after  tropical 
rainstorms.  Throughout  the  test  period,  an  evaluation  of  corrosive  effects  of  moisture 
from  condensation  or  rainfall  and  material  deterioration  as  mildew  growth  progresses 
la  made.  Emphasis  is  placed  on  ECS  system  performance,  water  intrusion/entrapment, 
electrical  equipment  performance,  effects  of  trapped  water  freezing  at  altitude, 
rain  removal  systems,  mildew  growth,  avionics  equipment  cooling,  effectiveness  of  rain 
removal  solutions  or  pneumatic  systems,  and  erosion  of  windscreens  or  their  protective 
coatings.  Adverse  weather  tests  such  as  IFK  procedures,  wet  runway  operations, 
and  lighting  efteets  during  flight  through  rain  are  also  accomplished. 

Adverse  Heather 

Adverse  weather  tests  are  normally  conducted  in  the  late  winter  or  early  spring  in  a 
climate  usually  experienced  in  Canada,  northern  Europe  and  some  parts  of  the  United 
States.  The  test  approach  is  to  expose  the  test  vehicle  to  rain,  sleet,  snow,  end 
freezing  rain,  and  then  operute  it  on  slippery  taxiways  and  from  runways  with  a  runway 
condition  reading  as  low  as  six.  Other  conditions  desired  during  adverse  weather  testing 
are  i 

1.  Crosswlnd  components  up  to  20  knots  during  taxi,  takeoff  and  landing. 

3.  High  surface  winds  over  sslt  water. 

3.  Instrument  meteorological  conditions  for  in-flight  evaluations. 

4.  Temperature/humidity  combinations  conducive  to  sirframo/engine  icing  during 
ground  operations. 

instrumentation  and  Data  Acquisition 

Adequate  data  acquisition  is  essential  for  the  conduct  of  a  thorough  climatic  test 
program.  Environmental  parameters  (temperature,  humidity,  solar  radiation,  rainfall, 
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etc.)  must  be  documented  to  define  climatic  conditions  during  the  teat#.  Extensive 
temperatare/pressure  instrumentation  along  with  key  operating  parameters  are  installed 
within  the  teat  vehicle  to  track  subsystem  conditions  during  testing*  document 
environaental  conditions  in  case  of  {allure,  help  in  fault  analysis,  and  aid  in 
determining  any  corrective  action  or  modification  required  as  a  result  of  subsystem 
or  component  failure.  This  inforaation  is  also  useful  to  designers  of  future  systeas 
through  accurate  knowledge  of  present  subsystem  performance  during  extreme  environmental 
condition*.  Airborne  data  acquisition,  with  quick-look  data  reduction  capability, 
climatic  laboratory  systems,  and  weather  recording  are  the  priaary  systeas  available  to 
the  ciisatiu  test  engineer. 

Engine  oil  temperatures  and  pressures,  hydraulic  system  temperatures  and  pressures,  crew 
and  avionics  compartment  temperature*,  and  fuel  temperatures  and  flow  rates  are  typicsi 
examples  of  instrumented  parameters.  Selection  of  specific  instrumentation  parameters  is 
based  on  past  climatic  test  experience  and  particular  engineering  requirements 
determined  for  the  specific  weapon  system  to  be-  tested,  because  it  is  not  feasible  to 
instrument  every  conceivable  item,  subsystems  with  histories  of  problems  and  those  with 
marginal  qualifications  should  be  of  prime  interest  (e.g..  hydraulic  systems  nearly 
always  leak  at  extremely  low  temperatures).  Consideration  should  be  given  to 
parameters  required  to  determine  mass  temperatures  during  soak  periods.  These  parameters 
ate  used  to  determine  thermal  stabilisation.  Typical  mass  temperatures  would  be  the 
hydraulic  fluid  reservoir,  engine  oil  reservoir,  main  fuel  cell,  and  large  internal 
ftetal  mass,  habient  air  temperatures  should  be  obtained  near  the  extremities  of  the 
lest  vehicle,  especially  large  aircraft,  and  should  include,  as  a  minimum,  tnn  vehicle 
nose.  tail,  tip  of  vertical  stabiliser,  wingtips.  and  wheel  well  area,  in  the  climatic 
laboratory  these  temperstures  will  be  used  to  control  the  laboratory  conditioning  to 
ensure  approximately  the  sane  soak  temperature  for  the  entire  teiit  vehicle. 

The  actual  environment  to  which  the  test  system  Is  exposed  during  deployment  to  remote 
sites  must  be  recorded  to  document  .cot  conditions.  Weather  services  and  Individual 
pieces  of  weather  instrumentation  are  used  to  gather  this  data.  Since  manual  data 
recording  and  reduction  from  individual  instrumentation  sensors  is  too  time  consuming,  a 
portable,  automatic  recording  weather  station  is  essential  to  achlove  the  required 
accuracy  and  shorten  data  reduction  time. 

Photographic  documentation  of  tenting  is  an  important  tool  in  engineering  analysis  of 
events  occurring  in  the  course  of  the  tosts.  it  provides  a  vivid  portrayal  of  the  test 
activity  to  management,  and  is  useful  when  preparing  future  tests,  black  and  white 
stills,  color  stills,  iCsa  color  motion  picture,  end  color  video  are  the  primary  types 
of  documentation  required. 

A  portable  microcomputer  type  data  processing  system  is  deployed  with  the  tent  team  to 
the  climatic  laboratory  am)  most  remote  sites.  It  consists  of  a  tape  recorder  with  time 
search  capability  compatible  with  the  test  vehicle  recorder,  an  analog-to-dlgltal  system 
for  driving  strip  chsrts  end  data  Identification,  a  microcomputer  display  and  processor 
system,  and  a  printer/plotter.  At  tho  climatic  laboratory,  it  is  used  both  for  real-time 
strip-out  of  selected  parameters  and  processing  fins!  report  data  in  tabular  or  plot 
formats.  At  remote  sites,  strip-out  of  data  is  done  after  each  flight.  Pinal  report- 
quality  plots  esn  be  generated  within  hours  after  a  flight  or  test  run  if  plot  parameter 
arrangement,  parameter  scales,  and  calibration  data  have  boon  predetermined  and  put 
into  the  computer  prior  to  testing. 

CURRENT  USAF  APPROACH 

Today's  austere  program  budgets  and  limited  test  assets  mandate  concurrent  testing  of 
new  weapon  systems.  Subsystems  testing,  for  example,  is  accomplished  in  piggyback 
fashion  with  performance  and  flying  qualities  or  avionics  tests,  where  possible,  to  save 
the  cost  of  flying  separate  test  missions.  All-weather  testing  is  no  exception,  and 
the  ideal  all-weather  program  must  be  modified  using  this  approach.  Climatic  laboratory 
and  extreme  weather  site  deployments  do  require  a  dedicated  test  vehicle)  however, 
that  vehicle  may  bo  used  for  other  testing  before  and  between  the  all-weathor  tost 
periods  (during  the  climatic  off-seasons).  The  current  UiiAP  approach  to  all-weather, 
teatlng  is  to  instrument  a  teat  vehicle  for  several  types  of  DTtE  testing,  to  be 
determined  early  in  the  formulation  phase  nr  program.  Other  testing  to  ba 
accomplished  on  tho  designated  all-weather  test  vehicle  is  jointly  decided  upon  by  the 
SPO,  Air  Porce  Operational  tist  and  Eval'Vw-n  Center  (APOTEC),  uaing  command  (MAC, 
SAC,  or  TAC),  and  tho  prime  test  vehicle  contractor. 

Detailed  Test  Plan 

Rovieu  of  tho  applicable  regulations,  military  standards  (HIL-STD) ,  and  air  vehiclo 
apeciflcations  is  necessary  prior  to  preparing  a  detailed  test  plan  for  ground  and 
flight  testing  under  extromo  environaental  conditions.  Tho  air  vehicle  design 
specifications  provide  most  of  the  detailed  information  on  climatic  condltlons/extreees 
for  which  a  particular  air  vehicle  was  designed.  Frequently,  the  design  specifications 
reflect  requirements  of  oarlier  versions  of  military  standards.  This  inforaation  has  to 
be  supplemented  with  assumptions  based  on  known  operational  requirements.  The  primary 
USAF  regulation  (AFR)  and  military  standards  as  they  apply  to  all-weather  testing  arci 


1.  AFR  80-31  (Reference  1).  TliU  regulation  it  the  primary  authority  for  all-weather 
testing  and  states  that  the  OSAF  must  have  the  capability  to  conduct  operations  in  all 
types  of  environmental  conditions.  Additionally)  It  states  that  effects  of  the  natural 
environment  nust  be  considered  in  the  design)  development)  testing)  and  procurement  of 
systems  or  material  which  nay  be  operated)  maintained)  stared)  packaged)  and  transported 
under  a  wide  range  of  natural  environmental  conditions. 

2.  ttlb-STO-210  (Reference  2).  This  standard  establishes  uniform  climatic  design 
criteria  for  military  material  which  Is  Intended  for  worldwide  usage.  It  does  not  apply 
to  design  of  material  to  be  used  only  in  specific  areas  or  environments.  Extreme 
climatic  conditions  contained  In  this  standard  apply  broadly  to  all  Items  of  equipment 
and  systems. 

3.  ML-STD-810  (Reference  3).  this  standard  establishes  uniform  environmental  test 
methods  for  accelerated  testing  to  determine  the  resistance  of  equipment  to  tin  effects 
of  natural  and  induced  environments  peculiar  to  military  operations. 

Planning  the  all-weather  test  programs  can  take  several  months  to  several  yecrs, 
depending  on  the  scope  and  complexity  of  the  program.  An  engine  qualification  or  new 
hydraulic  fluid  qualification  teat  may  take  only  six  months  planning  effort;  while  a 
program  such  as  the  0-10  Climatic  laboratory  test  or  the  F-16  All-Weather  program  may 
require  two  years  or  more.  A  detailed  test  plan  is  initiated  by  the  AFFTC  as  the 
Responsible  Teat  Organisation  (RTO) .  This  plan  la  accomplished  In  draft  form  as  scon  as 
enough  detailed  knowledge  of  the  new  test  vehicle  systems  becoa-s  available.  The  plan  Is 
circulated  to  ell  Participating  Test  Organisations  (PTC!,  the  prime  contractor)  end  the 
SPO  fob  review  and  comments.  The  final  draft;  along  with  the  safety  package  containing 
the  tost  risk  love?  and  hasard  minimising  procedures)  is  usually  approved  by  the  AFFTC 
Commander  80  days  before  scheduled  first  test  date. 

Test  Plan  Working-Croup 

Overall  ipiannlng  effort  for  the  program)  Including  spares,  logistics,  support  equipment, 
etc.,  is  done  through  a  series  of  Test  Plan  Working  Croup  Meetings  (TPWC)  chaired  by  the 
SPO  and  held  alternately  at  various  RTO,  PTO  and  contractor  plant  locations.  Action 
items  are  dlicussed  and  assigned  to  participants  with  deadlines  for  resolution.  The  TPWC 
meetings  are  usually  hold  every  three  to  six  months,  as  dictated  by  the  test  schedule 
and  urgency  of  action  items.  On  large  new  programs  such  as  the  C-17,  advanced  all- 
weather  planning  Is  done  as  part  of  the  TPWC  for  the  entire  flight  test  program,  so  that 
test  vehicle  disposition,  appropriation  of  assets,  etc.,  can  be  properly  addressed  anil 
tracked  as  a  part  of  the  whole  program. 

Test  Conduct 

Over  the  years,  OSAF  all-weather  testing  of  a  new  weapon  system  has  evolved  Into  a  joint 
effort  by  the  AFFTC,  AFOTEC,  and  using  command,  with  technical  assistance  by  the  prime 
contractor.  The  lead  organisation  conducting  tho  tests  is  the  AFFTC. 

The  aim  of  tha  extreme  weather  deployments  Is  to  demonstrate  tho  ability  of  tho  tost 
vehicle  afcd  all  its  systems,  in  all  Its  mission  roles,  to  oporate  In  tho  oxtremo 
environments  likely  to  be  met.  The  safety,  reliability,  maintainability,  and  operational 
effectiveness  need  to  be  examined  at  ground  level  temperatures,  but  they  can  only  be 
adequately  confirmed  during  operational  scenarios.  While  the  climatic  laboratory  Is  an 
excellent  facility  for  obtaining  quantitative  data  under  controlled  conditions.  It  Is 
not  a  complete  test  of  the  weapon  system.  It  must  be  complemented  by  deployments  to 
extreme  weather  test  sites  to  ensure  that  the  system  is  really  operable  under  all 
expected  conditions.  The  current  approach  is  to  conduct  comprehensive  ground  tests 
before  flying  tho  test  vehicle,  during  which  critical  areas  or  components  are 
Identified.  At  the  end  of  the  deployment  tecta,  it  Is  necessary  to  recommend  ground 
level  temperature  limits,  precautions  and  operating  limitations  which  absolutely  must 
be  Incorporated  in  operational  T.O.s.  Two  important  points  should  always  be  kept  in 
mind.  First,  tho  individual  component  environmental  type  tests  conducted  during  the 
manufacturer's  development  work  do  not  give  an  exact  and  conclusive  representation  of 
actual  service  conditions.  They  may  show  a  high  degree  of  confidence  that  tho  components 
will  function  satisfactorily  in  the  field  when  assembled  into  a  complete  system; 
however,  testing  is  needed  to  confirm  this  confidence.  Second,  a  test  vehicle  parked  in 
thn  open  and  soaked  in  the  environment  undergoes  a  much  more  stringent  test  than  when 
warmed  up  and  airborne,  particularly  during  cold  weather  tests. 

Deployments  to  extromo  weather  sites  are  currently  done  as  combined  Initial  Operational 
Test  and  Evaluation  (iftTiE)  and  DTiE  efforts.  If  the  usi.ig  command  can  schedule  it,  an 
operational  "mini  squadtvW  of  several  unlnstrumentcd  production  vehicles,  along  with 
the  .Instrumented  all-weather  tost  vehicle,  are  deployed  to  tha  test  sito  along  with  a 
combined  team  of  using,  command  and  Systems  Command  crewmembers  and  maintenance 
personnel.  Operational  experience  is  gained  first-hand  in  the  real  environment  using 
this  approach.  Dedicated  tost  points  are  flown  on  the  instrumented  tost  vohicle; 
however,  every  effort  is  made  to  fly  operationally  representative  missions  when 
possible.  A  much  better  data  base,  including  reliability  and  maintainability 
Information,  is  possible  through  this  combined  approach  than  Is  possible  with  a  single, 
Instrumented  test  vehicle. 
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CONCLUSIONS 

Today's  austere  program  budget*  and  Halted  assets  mandate  concurrent  tenting  of  n<fv 
weapon  systems.  All-weather  testing  la  no  exception.  Thorough  planning  must  Include 
review  of  the  detailed  teat  plan  by  all  participating  organisations.  Teat  Planning 
Working  Croup  Heatings  nuat  be  held  to  define  overall  support  required  and  determine 
methods  for  obtaining  It.  The  safety,  reliability,  mat  inability  and  operational 
effectiveness  of  a  weapon  system  all  need  to  be  examined  at  ground  level  temperatures, 
but  they  can  only  be  confirmed  during  operational  scenarios.  While  the  ellmatlc 
laboratory  is  an  excellent  facility  for  obtaining  quantitative  data  under  controlled 
conditions,  it  la  not  a  coapleto  teat  of  the  weapon  system.  It  nuat  be  complemented  by 
depioyaenta  to  extreae  weather  teat  altea  to  ensure  that  the  system  la  really  operable 
under  all  expected  cenditiona.  A  coabined  approach  to  depioyaenta  using  both  Systems 
Command  and  ualng  cosv/and  personnel  In  a  *mini-aquadron*  will  produce  a  such  better  data 
base,  Including  reliability  and  aalntainabillty,  than  is  possible  with  a  single. 
Instrumented  teat  vehicle. 

Environmental  testing  of  weapons  systems  is  a  vital  necessity  in  our  global  allltary 
effort  and  an  Important  benefit  is  the  laproveaent  In  overall  system  reliability.  As  our 
operational  theatora  continue  to  expand  and  systems  become  more  cosplex,  reliability  and 
operational  capability  aust  bo  aalntalned.  Through  envlronaental  testing,  wo  are 
afforded  an  opportunity  to  study  and  understand  the  mechanics  of  failure  and  thus 
improve  weapon  system  reliability. 
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ABSTRACT 

Wlwl  sl.asr,  downdraft  an d  turbulence  Influences  flight  safety  especially  In  take-off  awl  landing  approach.  For  a 
Utter  understanding  of  the  relevant  problems,  l he  typical  aircraft  relponae  In  gun  awl  In  wlwl  aheaf  will  be  pointed 
out  awl  will  he  compared  wRh  real  flight  altuallorvi.  In  general  the  airspeed  deflation  of  an  aircraft  In  a  wind  shear 
situation  le  relatlr  small  In  contrast  to  flight  path  deflations  and  flight  performance  la  not  the  limiting  factor.  Flight 
simulator  studlea  hare  shown  that  H  la  difficult  for  the  cockpit  crew  to  Identify  a  wind  ahear  situation  without  any 
additional  display  of  relevant  Information  In  order  to  control  throttle  and  clerator  In  a  correct  manner,  A  wind  shear 
warning  display,  based  on  energy  deflation  and  energy  rate  can  asstal  the  pilot  to  orercome  acrerc  wind  shear. 
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I.  INTRODUCTION 


Accidents  caused  by  wind  variation  e.g.  turbulence,  gusu,  downdraft  and  wind  shear  are  very  rare  but  In  most  esses 
will  lord  to  £  catastrophic  end.  In  general  wind  shear  accidents  and  Incidents  result  from  the  fset  that  the  wind  shear 
phenomenon  la  not  understood  by  the  pilot  due, to  his  training  condition  and  the  cockpit  Instrumentation,  in  such 
situations  the  pilot  Is  not  able  to  act  In  the  correct  tray.  Therefore  R  can  be  suspected  that  a  considerable  amount  of 
wind  shear  accidents  will  be  Interpreted  wrongly  as  pilots  error.  Only  In  some  rare  situations,  eapeclelly  during 
take-off,  hazards  may  be  caused  by  limited  flight  performance  without  any  chance  for  the  pilot  to  respond  properly. 
Numerous  Investigations  have  been  made  In  order  to  solve  the  wind  sheer  problem.  Many  of  these  proposals  will  fall 
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because  Ok  physical  phenomena  are  not  understood  completely,  wither  by  the  pilot*  nor  by  Ok  InvsiUgstort  of  wind 
shear  warning  »y»lcm«,  ThU  problem  will  be  lllumlnaled  by  lh«  f»er  that  *om«  of  Ok  tor  reel  safety  procedure*  In 
wind  *he«r  contradict  the  pilot*  feeling  of  bow  eontrolllng  *n  aircraft. 

ThU  paper  trie*  clarifying  *<ep  by  step  *ome  physical  background*  of  the  wind  *bear  phenomena  Including  adequate 
night  tafety  procedure*  to  overcome  the  problem*. 


3  MCTCOROIOCICAL  WISP  PHESOMCSA 


3.1.  DEFINITION 

The  Influence  of  wind  and  turbulence  on  aircraft  design  and  flight  tafety  U  of  great  importance,  but  only  In  teUtlve 
ilmptc  cate*  a  calculation  of  wind  and  turbulence  I*  possible.  Wind  (hear  and  turbulence  are  generally  correlated 
with  a  flaw  field  afflicted  with  friction.  The  tolutlon  of  the  correlated  nonlinear  Navkr  -  Stoke*  eqvatlon*  of  motion 
for  a  three  dimensional  frktlon  afflicted  flow  field  U  even  up  loday  only  possible  for  eery  Ample  situations.  For 
example  the  sept  ration  of  low  frequency  wind  alternation  and  turbulence  yield*  to  the  mathematical  problem  of 
stochastic  function*  with  a  lime  varying  mean  value.  In  Fig.  I  we  find  the  trial  «eparatlng  an  In  flight  meaaurcd 
wlndapeed  Into  low  frequency  wind  ihear  and  turbulence  til.  In  order  to  solve  engineering  problem*  for  practical 
application*  we  ute  segment*  w|ih  constant  mean  value  or  apply  Utndpath-fllter*.  It  I*  useful  to  vary  the  filter  para* 
meter*  In  such  a  manner  that  the  parameter*  of  the  turbulence  power  density  spectrum  become  constant. 

Another  approach  separating  wind  shear  and  turbulence  Is  to  take  advantage  of  the  different  response  of  an  aircraft 
In  wind  shear  and  gust.  In  contrail  to  gust  and  turbulence  It  Is  very  difficult  to  formulate  a  definition  concerning 
wind  shear.  Different  persons  are  using  different  definitions.  The  translation  of  'wind  shear'  Into  other  languages 
has  created  an  International  confusion.  It  Is  usual  to  combine  different  meteorological  phenomena  that  will  Influence 
flight  safety  In  the  one  term  *  wind  shear*.  Therefore  these  less  precise  deflnltlons  ask  for  more  differentiated  add¬ 
les  for  flight  tafety  Improvement,  as  each  meteorological  phenomenon  requires  a  specific  response. 

A  well  knows  example  for  a  one  dimensional  shear  flow  Is  a  viscous  flow  In  a  channel  (Fig.  21.  The  shear  gradient 
Is  an  Indicator  of  the  spatial  speed  variation  and  a  function  of  the  stress.  In  the  atmosphere  the  flow  U  usually  three 
dimensional.  The  wlndspoed  vector  V,  with  the  component*  u»,.  vn,  wn  and  the  position  vector  (x.y^l  forms  a  nine 
element  gradient  tensor. 


Only  three  of  these  nine  elements  are  dominant  In  wind  shear  accidents. 
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wind  variation  along  the  flight  pattern 
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spanwtse  wind  variation  creates  rolling 
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An  alrcraflpMSlng  *  spatial  orientated  wind  field  with  the  ground  speed  V,  create*  a  time  vartlng  wlndtpeed  Y,(0 
•long  the  flight  path.  The  wind  field  Itself  may  mow  with  «n  average  wtnd  speed  Yv,  For  lb*  aircraft  response  ibc 
following  wind  speed  components  arc  relevant 


Utf'll!  ■  u»,  •  Vt  «  u„ «  ft 

tel 

W„(t) 

0) 

The  variation  rif  lb*  herlsctfual  wind  speed  component  ti^ltl  due  to  Umfl.dcpends  On  lb*  aircraft'*  ground  speed  Vj 
end  ib<  veukal  speed  ft  .  A«  In  general  the  ground  speed  V*  U  t«o  order*  of  magnitude  greater  than  the  vettkal 
speed  ft.  ibe  efficiency  of  ibe  gradient  uw,  I*  much  greater  compared  w(ih  u„.  Measurement*  of  gradient*  demon’ 
straw  [IJ).  that  u,,  U  one  Of  two  orders  of  magnitude  smaller  than  u*,.  Tbe  aircraft  response  tuelf  Is  comparable 
In  spite  of  the  great  differences  of  the  gradient*.  If  the  gradient*  lu«,|  are  greater  than  0.1  »•'  and  luV|l  greater 
than  0.005  *■,  the  safety  margin  U  critical.  ThJ  ICAO  [4]  define*  gradient*  of  u*,  at 


Kl  *  0.2  *1 

dangerous 

|u„|  a  0,13  r* 

dlffkull 

|u*,|  a  0,0*6  c* 

significant 

Additionally  flight  safety  will  be  Influenced  by  the  time  variable  vertical  wind  «*«,  (0  or  by  downbursts. 

To  Illustrate  the  different  wind  shear  phenomena  some  examples  will  be  demonstrated.  A  well  known  wind  shear 
phenomenon  I*  the  earth  surface  boundary  layer  wind  shear  (Fig.  3).  In  the  early  thlnles.  L  Frandtl  Investigated  an 
adequate  formulation  of  this  phenomenon.  In  an  adlabstle  atmosphere  with  constant  density  and  stress  close  to  the 
ground  we  get  the  exponential  formula! 


v*  *  {' u*'  ,nif. 


dVw 

dll 


»  -Uv, 


(41 

Hal 


The  approximation  of  the  /.'light  measurement  (2]  by  the  exponential  law  |*  adequate.  This  example  gives  an  Indicati¬ 
on  that  ground  mcasutcm|nui  of  (lie  wlndspeed  give  only  a  poor  extrapolation  for  the  wind  distribution  In  greater 
altitudes.  The  gradient  Uv,  becomes  cxlremly  large  close  to  the  ground  (Equ.  4a).  Despite  the  fact  that  the  gradient  Is 
large,  liter  situation  la  not  critical  as  there  Is  no  time  for  significant  flight  path  deviations.  Our  Investigations  show 
that  the  critical  elevation  of  a  wind  shear  oceurance  Is  In  the  range  between  120  m  and  90  m.  In  greater  elevation  rite 
pilot  has  time  enough  to  eorilro!  the  disturbances  and  closer  to  the  ground  the  flight  path  deviations  are  small. 

Figure  4  demonstrates  *  typical  low  level  jet,  that  occurs  In  the  plalne*  of  northern  Germany  In  20X  of.  all  nights. 
The  level  of  turbulence  It  extremely  small.  Correlation  of  flight  and  tower  measurement  show,  that  the  law  level  Jet 
is  a  large  spreaded  phenomenon.  The  strongest  gradients  occur  In  the  critical  elevation  of  approximately  tOOm.  Al¬ 
though  the  situation  Is  potential  critical,  only  oste  accident  has  been  repotted  (Soviet  Union)  [2j  .  Tbe  reason  for  the 
low  probability  of  accidents  nay  be  the  low  flight  traffic  during  night. 

The  flow  field  of  safety  critical  fronts  is  less  Investigated  (Flg.5).  Still  uncertain  la  the  knowledge  of  the  physical 
background  of  a  wind  shear  situation  measured  at  Frankfurt  airport  (Fig  b).  With  a  measured  wind  direction  of  10*. 
the  airport  Is  in  the  lee  of  the  Frankfu.t  city  buildings,  Se pirated  lee-eddies  may  be  the  cause  of  this  critical  pheno¬ 
menon. 

The  most  well  known  and  dangerous  wind  shear  and  downdrall  phenoiaenon  Is  a  thunderstorm  downburst.  The 
know.edge  of  the  physics  are  relative  good.  A  great  variety  of  similar  models  have  been  developed  (Fig.  7.  61  [13]. 
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An  approxlmsiely- vertical  ocknutcd  stagnation  He*  can  gl»e  an  Impression  of  the  si!  fallen.  Critical  wind  shear 
gradknls  qn  And  u»,  as  well  as  Immense  dawndrsfu  have  been  obtained.  Each  of  thU  three  element*  tan  be  my 
dangerous,  the  combination  of  all  I*  threatening. 

In  the  frame  of  this  paper  tbete  It  no  space  lo  discuss  In  detail  tKc  response  of  an  aircraft  In  the  different  meteoro¬ 
logical  situations.  In  order  to  explain  the  aircraft  response  and  the  pilot  motion  It  seems  to  be  sufficient  to  ellmlna* 
It  all  the  complex  wind  model*  by  a  very  tlmple  wind  model  (Fig.  7)  of  a  ramp  shape. 


4,  AIRCRAFT  RSAWNSE  DUE  TO  WISP  ALTERNATION 
4,1  FUNDAMENTALS 

The  dynamic  KJpor.se  of  an  aircraft  In  a  variable  wind  field  1*  a  very  difficult  problem,  v*Hkh  we  can  solve  with  time 
Variant,  non  linear,  strongly  coupled  equation*  of  motion.  It  U  tlate  of  tbe  art  to  solve  those  problems  with  numerical 
simulation.  If  we  concentrate  on  the  significant  response,  a  lot  of  couplings,  non  linearities  and  unsteady  aerodynamics 
can  be  dominated.  In  the  appendix  the  simplified  equation*  of  motion  have  been  derived,  these  equations  become 
relative  simple  and  can  be  used  for  the  Interpretation  of  the  simulation  results. 

In  order  to  demonstrate  the  typical  response  of  an  aircraft  due  to  gust,  turbulence  and  wind  shear,  the  simple  but 
powerful  windmodel  of  Fig.  9  consisting  of  a  spatial  ramp  function  w|||  be  used  IFlg.  9a),  The  wind  gradient  Is  given 
by  the  wind  change  JV,  and  the  rise  distance  Ax 


V*. 


av» 

ax 


If  the  alrcralt  enters  the  wtndfleld  IFlg.  7a)  the  space  variable  wind  will  be  transformed  Into  a  time  Variable  wind, 
that  will  change  firm  the  aerodynamic  flow  (Veld  (airspeed,  angle  of  attack!  of  an  aircraft.  The  resulting  aerodynamic 
forces  and  moments  will  accelerate  the  aircraft , 

The  response  of  the  aircraft  varies  very  much  with  the  rise  distance  related  to  relevant  aircraft  parameters.  If  the  rise 
distance  Is  less  than  ten  times  of  the  mean  aerodynamic  chord,  we  obtain  a  typical  high  frequency  gust  response. 
This  response  wft|  be  demonstrated  with  a  heavy  transport  aircraft  at  a  typical  approach  speed  of  V  •  TO  m  s'  * 
HO  kls  for  a  vertical  gust  In  Figure  10  and  a  horixonul  gust  In  Figure  II.  A  rise  distance  of  Ax  •  30  m  or  Ax  •  Sc  Is 
typical  for  a  gust  response. 

Immediately  after  the  gust  oecuranee  the  aerodynamic  flow  condition  Is  heavily  disturbed  (see  the  deviation  In  air 
speed  AV  and  angle  of  attack  Aa  A  The  angle  of  attack  deviation  Is  mainly  compensated  after  a  time  period  of  the 
well  damped  aircraft  short  period  motion.  The  reduction  of  the  angle  of  attack  deviation  U  the  stronger  the  greater 
tho  static  stability  of  the  aircraft  Is.  The  airspeed  deviation  AV  b  reduced  prlroarely  after  a  lime  period  of  the  poorly 
damped  phugold  motion. 

The  pitch  attitude  response  AO  U  primarily  of  Interest  immediately  after  the  gust  occurance.  Due  to  the  suite  stall* 
illy  and  unsteady  aerodynamic  effects  the  aircraft  will  pitch  down  In  an  updraft.  In  a  headwind  gust  the  aircraft  Is 
firstly  pitching  down  due  to  unsteady  aerodynamic  downwnsh  delay  effects  and  then  pitching  up.  In  a  headwind  gust 
situation,  the  angle  of  atuck  deviation  A«  and  the  wind  angte  deviation  Aov  arc  negligibly  small  (Aa  *>  0,  As*  w  0), 
so  that  Equ.  (AS)  can  be  simplified  to 


AO  *«Ay 


The  pitch  tngle  AO  is  primarely  correlated  with  the  flight  paltt  angle  Ay  .  The  major  deviation  In  flight  path  (vertical 
speed  AH,  height  All)  Is  evident  a  phugold  period  after  the  gust  occurence.  Concerning  the  speed  response,  we 
obuin  for  short  rising  distances'  and  strong  gradients  u.,  a  luddtri)  rise  of  airspeed  V  end  no  significant  deviation  of 
ground  speed. 
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If  Ihe  rUe  dUunce  of  the  hodiernal  **ir*4  will  be  significantly  greater  than  the  wavelength  )n  of  the  phvgotd  motion 
we  obtain  the  typical  w(r*i  shear  response.  With  the  well  known  phugoU  mode  cjnel«  time 
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w«  pi  the  wavelength 

V1 

\  aT„<V.?./S-  — 

Ter  the  I *<vy  transport  aircraft  with  an  approach  of  lake  eff  speed  of  approximately  V  -  70  m/a  we  achieve  a  cycle 
lime  of  half  a  minute  And  a  wavelength  of  »  5700  m 

For  demetut.atten  the  tU<  dUusce  has  (teen  preselected  I  y  ft*  «  3000  m  (Fig.  13a,  U. 

In  contrast  to  live  gun  tc*po..>c,  the  speed  deviation  U  small  and  the  pound  speed  Is  propottlorwi  to  the  wind 
speed.  For  Urge  rUe  distances  or  small  gradients  u«,  we  can  tndkata 
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Even  IF  we  obtain  strong  deviations  In  Unellc  and  potential  (II)  energy  (ae«  appendix),  the  variation  oF 

toul  energy  U  n-gilglbly  amall.  * 
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Investlgatlona  on  energy  transfer  between  wind  and  sire  raft  [5,9)  have  shown  that  energy  based  on  Inertial  speed  and 
height  ts  fairly  constant  al  small  flight  path  angles.  This  Is  true  for  all  transport  aircraft  In  normal  flight  regimes. 
Only  glider  aircraft  can  transfer  significant  energy  from  the  wind  In  extreme  flight  manoeuvre*,  as  for  example  In 
dynamic  soaring  flight  (9).  The  flight  of  an  albatross  In  the  surface  boundary  layer  of  the  sea  Is  a  wellknown  exam* 
pie  for  the  application  of  thU  principle  In  nature,  P,  Krauspe(tO)  pointed  out  that  wind  shear  induced  by  flight  rath 
deviations  can  he  approximated  by  simple  ana!)tkal  functions  (Fig,  13),  A  fundamental  result  of  this  Investigation 
demonstrates  that  the  aircraft  response  In  wind  shear  Is  to  a  great  extent  Independent  of  aircraft  characteristics.  The 
major  parameters  of  Influence  are  airspeed  and  lift  to  drag  ratio.  It  should  be  noted  that  the  w*th- fixed  wind  sheer 
can  extensively  modify  the  phugold  stability  [10] .  Krauspe's  numerical  calculations  have  been  verified  In  a  moving 
cockpit  simulation. 


An  explanation  for  the  unexpected  small  deviation  of  airspeed  In  a  wind  shear  situation  Is  the  static  stability  of  an 
aircraft.  The  higher  the  stalk  stability  the  faster  Is  the  reduction  of  deviations  of  angle  of  attack  and  airspeed.  In 
wind  shear  situations  with  smalt  gradients  the  aircraft  has  response  lime  enough,  to  teducc  airspeed  deviations.  ThU 
lypkal  behaviour  of  an  aircraft  U  even  more  significant,  If  a  pilot  or  an  autopilot  contrail  the  airspeed. 


In  a  real  wind  shear  situation,  we  obtain  rise  dutances  that  are  between  the  lyp  :al  gust  response  and  the  lypkal 
wind  shear  response.  A  typical  strong  wtr/J  sheer  situation  Is  given  In  Fig.  9.  We  obtain  a  windspeed  variation  of  12.5 
in  x1  a  shear  layer  thkknesa  of  50  m  and  therefrom  a  gradient  of  it*,  ■  0,25  s  '  ,  Such  a  gradknl  la  defined  as  dan* 
geroua  [t].  If  an  aircraft  Is  approaching  with  a  typical  fllgh  path  angle  of  y  *  -3*  *  -0,05  rad  the  :Ue  distance  for 
passing  the'  vertkal  shear  layer  la 


4x« 


All  f  50 
IT  I  0T05 


1000  m 


(101 


7*4 

The  aircraft  response  for  this  rise  distance  U  derr/mtltvicd  In  FI*.  14.  The  deviation  of  airspeed  V  ami  ground  ipccJ 
Vt  I*  of  the  same  order,  and  the  total  energy  satiation  ewn  limit. 


45.  TAKE  OFF 

After  uke  olf.  our  reference  *ircr*t\  may  p*»»  *  shear  layer  In  an  elevation  oflUIOOm  IF  I*.  IS),  Layer  thickness  and 
gradknt  are  the  urn  m  In  FI*.  9.  The  Increasing  tailwind  will  accelerate  lb?  aircraft.  The  airspeed  deviation  I* 
limit,  but  the  height  Isn  relative  to  the  umlUturbed  flight  path  It  approximately  All  *  M  m.  It  u  remarkable,  that 
the  imin  height  toil  c-rturs  outside  tlx  shear  layer.  If  wo  expand  the  shear  layer  thkknes*  from  SO  m  to  #$  m  at  the 
Mux  gradient,  tlx  aircraft  wilt  touch  the  greml  in  *  distance  of  3  km  behind  the  uke  olf  point.  In  *  comparable 
downburst  situation  *  transport  aircraft  had  a  fatal  aceklent  In  Denver  [|||  (Ft*.  U>).  The  core  of  the  downburst  was 
positioned  a  bote  the  uk<  off  point.  At  a  dliunce  of  I  km  behind  break  release  a  weak  headwind  changed  to  an  Im¬ 
mense  tailwind  of  u*,  •  40  M/s  (FI*,  that,  After  the  pilot's  decision  to  uke  otf,  an  aceMcnl  could  not  be  avoided  In 
such  a  sellout  situation.  The  ad«Uc  to  pilots  Is  ttlvM  but  powetfuli  do  not  >urt  under  such  downburat  conditions, 
ami  put  up  with  the  delay.  Figure  16  b  demcnsirttes  piobtema  beside  the  primary  effects  which  can  Inlute  the  pilot. 
At  the  nolnt  of  break  release  the  pilot  will  obuln  a  smalt  tailwind  that  will  be  caused  by  recirculation  of  the  down- 
burst  How  field.  During  the  acceleration  phase,  the  wind  will  change  Into  power  Increasing  headwind  and  the  pilot 
geta  a  feeling  of  more  safety.  At  last  25  km  behind  break  release,  the  wind  will  change  again  Into  a  dramatic  situa¬ 
tion.  Additionally  ami  probably  unnotked  by  the  pilot  the  aircraft  will  be  nlfected  by  a  downdraft  ahortly  after  take 
off.  The  (light  path  of  an  piloted  transport  aircraft  In  a  simulator  run  demonstrates  Fig.  I?.  The  downburst  was  the 
reconstructed  Denver  till  situation.  Most  of  the  pilots  did  not  realise  the  dangerous*  ground  proximity.  An  explanati¬ 
on  af  this  effect  may  be  the  poor  risibility  at  high  pitch  angles  during  uke  off.  Tailwind  and  downdraft  become  the 
stronger  and  more  dangerous  the  greater  the  climb  gradient  Is.  Amatlngly  powerful  aircrafts  are  more  atfected  due 
to  their  greater  climb  gradient.  A  small  chance  to  survive  may  exist.  If  the  pilot  will  recognise  the  situation  and 
change  Immediately  to  a  ftlght  close  to  earth  surface  In  order  to  avoid  the  critical  wlndlkld  areas. In  the  climb  pha- 
se(lll.  In  Fig.  IS  such  a  procedure  la  demonstrated.  This  advise  to  fly  dose  to  the  ground  with  heavy  transport 
aircraft  1*  more  academic,  as  the  recognition  of  the  situation  Is  difficult  with  todays  cockpit  Instrumentation  (especi¬ 
ally  the  Idemlfkatlon  of  the  downdraft!.  Additionally  obstacles  may  handkap  a  low  level  lllght  ami  the  advised 
procedure  will  contradkt  the  pilots  feeling. 


44.  APPROACH  AND  LANDING 

In  comparison  with  uke  olf  we  obuln  «  quite  different  situation  for  approach  am)  lamllng.  Flight  safety  will  be 
prlmarely  Intluenced  during  uke  off  by  limited  flight  performances  ami  during  lamllng  approach  by  limited  handling 
qualities.  An  aircraft  response  with  Used  controls  In  the  simple  wind  shear  model  IFIg.  91  las  been  demonstrated  In 
Fig.  19.  The  lllglit  path  differs  from  decreasing  tailwind  (headwind  shear)  and  decreasing  headwind  (tallwlml  shear). 
Decreasing  ullwiml  gives  similar  effects  as  well  as  Increasing  headwind,  both  elfects  shall  be  calle.li  “headwind  she¬ 
ar".  In  a  headwind  shear  sUvrllon  the  aircraft  climbs  relative  to  the  undisturbed  glide  path  (Fig.  19).  Again  we  achieve 
the  greatest  lllght  path  deviations  after  passing  the  shear  layer.  The  headwind  shear  situation  Is  comparably  uncriti¬ 
cal,  If  the  pilot  deckles  to  go  around  In  good  time.  In  contrast  ,t  tallwtm*  shear  leads  to  an  undershoot  (Fig.  191,  The 
phugold  mode  will. be  excited  In  the  shear  layer.  The  elgenfrequency  of  the  phugoM  mode  differs  between  headwlml- 
and  ullwiml  shear  (see  chapter  4.1.  and  Fig.  131.  In  Fig.  19a  a  fkiln-js  runway  has  been  drawn  for  the  most  eriikal 
situation.  The  description  of  a  typical  wind  shear  accident  Is  fairly  precise.  The  aircraft  will  touch  down  with  a  mo¬ 
derate  rate  of  descent  approximately  2  km  prior  the  runway  threshold.  As  discussed  as  well  In  chapter  4.1.  as  later  In 
Fig.  21  and  Fig.  22.  the  airspeed  deviation  Is  small.  The  aircraft  will  touch  down  at  the  main  landing  gear  with  a  usu¬ 
al  pitch  altitude.  When  the  ground  at  the  touch  down  point  would  be  prepared,  the  lamllng  could  be  said  as  hard  but 
not  dangerous.  But  usually  the  area  prior  2  km  of  the  runway  threshold  Is  quite  unqualified  (forrest.  obstacles,  wa¬ 
ter)  and  In  the  worst  ease  densely  populated.  A  touch  down  of  nn  aircraft  In  this  area  will  lead  to  a  catastrophic 
crash.  The  critical  height  of  shear  layer  above  the  runway  Is  again  In  the  range  between  80  end  120  meters. 

The  prior  discussed  aircraft  response  In  wind  shear  may  loots  academic,  because  the  wind  model  Is  very  simple  and 
the  aircraft  Is  Mylng  with  Mxed  controls  without  any  pilot  response.  The  basic  remarks  are  even  true  lor  piloted 
aircraft  In  realistic  wind  shear  situations.  A  sensational  and  well  known  wind  shear  situation  Is  the  downburst.  where 
a  Boeing  727  crashed  In  New  York.  I97S  [1U3],  FuJIut  (14)  measured  and  modelled  the  wind  field  of  the  downburst. 
This  wind  model  has  been  Implemented  In  t  flight  simulator  and  fourteen  airline  pilots  have  been  tested  on  this  and 
other  different  wind  models  (5)  .  The  typical  response  of  an  experienced  airline  pilot  demonstrates  Fig.  20.  The  Might 
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path  was  nearly  hlen<k*t  with  the  reconstructed  flight  path  of  th«  crash.  Approximately  U  km  prior  to  th«  dest ret 
tmxh  down  f-elni.  the  aircraft  touched  the  gnwmJ.  The  crlUeat  elevation  of  the  effecthc  wind  fwhl  w«*  again  WO  m. 
The  alrtpeed  deviation  4V  1*  let*  thee  10  m  **  seen  umkv  thu  unfavourable  ceMttlons.  The  Influence  of  airspeed 
deviation  U  negligibly  ttttwtll.  TW*  typical  pilot  response  underlines  the  statement.  shat  airspeed  de»latlofw  are  strwll 
sml  net  critical.  The  displacement*  of  elevator  »ml  threale  are  even  xtnall.  The  timlUiHy  to  •  flight  with  tlxed  ele* 
vator*  I*  tlgnlflcant.  The  response*  of  the  exper  kneed  ptiws  *rare  comparable.  The  reaton  fee  this  response  without 
significant  pilot  action*  way  be  the  tunJard  cockpit  Inswumenutlen  of  the  Hlftht  simulator.  A  leu  experknerd  atrip 
oe  pilot  13000  lljlng  hours)  IF!g.  21)  react*  buskr  then  the  experienced  pilot,  the  airspeed  deviation  Ut  again  small 
end  the  critical  ground  contact  can  not  be  avoided. 


S.  PROCEDURE  TO  IMIROVC  FtltTMT  SAFTCY 


The  technical  requirement  Tor  safe  flight*  lit  wind  shear  It  nearly  trivial  t 

hie  rweuaeo  ructir  wit  asd  aiwecd  must  se  am  masm. 

Thin  requirement  we  <»n  formulate  very  ilmplet 


flight  path  deviation  All  ■  0  Of  Ay*  0 
airspeed  deviation  AV  *  0 


The  requirement  for  preclte  speed  control  leads  to  some  Important  consequences.  At  derived  In  the  appendix,  the 
ground  l peel  Vt  It  the  superposition  of  alrtpeed  V  ami  wlndipeed  V„.  The  lime  derivative!  of  Equ.  tAl.l)  leada  to* 
the  acceleration  terms 


V,<V'Vv 


III) 


If  the  alrtpeed  deviation  vanishes,  V  «  a,  ami  we  get 


Vt.Vv  SUM 

Equation  dial  timet,  that  an  aircraft  with  precise  speed  control  hat  to  be  accelerated  or  decellerated  with  the  wtnd 
Held.  Thlt  requirement  can  be  ftillfllled  very  eaty.  If  the  alrcratT  hat  a  sufficient  sulk  stability  and  the  pilot  or  the 
autopilot  control!  tne  alrtpeed.  The  relevant  equation  of  motion  will  lie  derived  from  Equ.  IA  lilt  (appemlltl 


Ay  *  A  (^)»  n-Af-^)*  n>o»  *  ~  V*Q  U2J 

A  deviation  of  the  (light  path  angle  can  only  be  avoided.  If  a  thrutl  or  drag  variation  It  postlble.  In  a  lake  off  posi¬ 
tion.  thrust  setting  It  tt  maximum  level  and  airspeed  as  well  as  flaps  are  optimized  for  take  olf  performances.  A 
control  of  the  flight  path  during  take  olY  Is  very  limited.  If  thrust  and  drag  are  constant,  the  corresponding  flight 
path  angle  deviation  become*! 
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By  Introducing  Equ.  (2)  and  (A2.1),wc  get 
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\VV  oWln  l»o  contradicting  effects  of  speed.  The  greater  the  grouixl  speed  snd  rate  of  climb  *r«,  the  greater  U  the 
devuiteci  ei  the  flight  path  d»c  to  the  wind  shear  gfudkat.  The  effect  of  hotUenal  «nd  vertical  wind  speed  Usllevl* 
ated  by  etrspecd.  Therefore.  the  Usual  Increase  of  airspeed  for  a  better  Safety  margin  U  In  agreement  with  the  pilots 
feeling  but  create  the  adverse  effect  In  »ind  shear. 

If  *  pilot  enters  *  wind  shear  field  during  lake  Plf  ItttskkU  only  chance,  If  he  reduce*  airspeed  down  to  stall 
speed  IP  *voVI  gteund  COfttael  {U}. 

In  landing  approach,  flight  performance*  are  net  a  significant  problem.  Tlx  requirement  of  precise  flight  rath  control 
|4t‘  01  e*n  be  fullfilted  In  principle,  for  it*  0  w«  get  the  required  thrust  from  Equ.  tttl 

M ^jl  *  “j1  ”  n««»  U3b) 

Sl^t)  *  ~  ■*  TjT*  *  ^jr  *  T  113*1 

U  It  again  remarkable,  that  the  requited  thrust  variation  will  lx  Increased  *Uh  Increasing  ground  speed  bee  discus* 
ton  en  take  pill.  \V«  eliminate  the  thrust  bp  specific  excess  power  (»c<  appensU) 


If  the  Mtner»(\  will  pas*  *  wlrvJlleld  a*  shown  In  fig.  %  we  c*n  calculate  the  required  thrust  or  the  specific  excel* 
power  from  Equ.  (U«).  The  result  It  drawn  In  fig.  21,  cum  R.  The  *tep  Increase  of  the  required  thrust  corresponds 
with  the  gradient  u„.  The  rump  stuped  term  describe*  it  change  of  the  wind  angle  a*  w  Jf|u„  y  vt  sit).  Deviation  In 
airspeed  »rwl  height  »re  ellmlnsied  bp  thll  tppe  Of  thtutl  control. 

for  comparison,  the  reiponse  of  in  aircraft  with  a  modern  flight  control  system  Uutopllot.  autoihrottU)  U  demon, 
strited  for  the  ume  wind  field  tflg.  22  .  curve  A).  The  thrust  response  Is  more  smooth  and  delayed  approximately 
ten  seronds  compared  with  Uecl  thrust  control.  The  maximum  deviation  of  energy  height  lx  moderate  (Fig.  22  I.The 
maximum  deviation  In  airspeed  liVa  S  m*'1  I  and  flight  path  (All  »  5  m)  is  not  critical.  An  Improved  automatic 
control  system  (16,17  I  will  reduce  the  residual  deviations  down  to  acceptable  values. 

In  a  simulator  campagne.  the  deviation  ftom  the  Weal  thrust  or  specific  excess  power  has  been  displayed  to  the 
pitots,  figure  23  and  2f  show  the  response  In  a  low  letel  Jet.  As  expected,  no  deviation  occurs  with  Ideal  thrust 
command.  In  contrast  to  this  Ideal  thtusl  response,  both  pilot:  produced  a  Ume  delay  of  approximately  ten  seconds. 
Even  under  this  circumstances,  the  airspeed  and  (Tight  path  deviations  arc  still  moderate. 

Application  problems  of  the  Ideal  thrust  control  appear  In  fig.  25  and  26,  Busy  wind  profiles  produce  non  acceptable 
throttle  activity,  that  has  to  be  avoided  by  the  following  reasunsi 

-  thrust  variations  are  coupled  with  engine  revolution  speed  variations.  This  products  noise  variations, 
that  may  bother  unexperienced  passengers  who  expect  an  engine  failure.  Addltonally  the  cabin  pressure 
will  change  with  frequent  thrust  variation  that  can  not  be  controlled  properly  by  the  cabin  pressure 
controller.  This  additional  pressure  variation  will  strike  the  passengers  with  fear. 

-  experienced  pllou  use  the  throttle  rarely  but  precise,  Pilot  students  vary  the  throttle  more  frequently. 

The  beginner  like  behaviour  of  the  active  automatic  throttle  control  system  Is  very  unpleasenl  for 
experienced  pilots. 

-  besides  these  psychological  reasons  the  reduction  of  engine  lift  time  by  frequent  throttle  variation  plays 
a  less  Important  role. 


From  this  report  we  may  learn,  that  thrust  should  then  tnd  only  then  be  varied  If  necessary.  Thrust  variation  causes 
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primate!?  <cu!  energy  change*.  a*  firqueni  energy  variation*  are  svanlngtes*  In  general.  are  should  a*k  for  low 
throttle  activity  that  ran  be  handled  without  delay,  With  th«  oufttenre  of  complementary  filtering  thin  rroblero  tan 
fa  wired  slgntfVamly  (!7j . 

At  the  dynamk  response  of  Jet  engine*  la  »ll  to  be  alow,  the  undeUyrd  thrett  variation  It  still  tailed  In  question. 
The  thrust  titp  response  Of  a  fan  engine  It  demonstrated  In  FI*.  27.  The  engine  tan  vary  th«  thrett  from  Ule  to 
maximum  threat  In  eight  seconds.  If  «re  Increase  the  threat  on!?  b?  a  a  mailer  Increment.  e.g.  from  SOX  to  7SX  the  time 
constant  Is  significantly  redacts!  down  10  0.7  ».  for  an  adequate  go  around  manoeuvre  the  min  imam  accepted 
thrust  level  will  prtxlece  a  oufYkknt  qukk  engine  response.  On  the  other  hand  we  hate  discussed  that  a  dela?  lime 
of  19  seconds  of  an  autethrotile  control  s?sl<m  IFIg.  23)  can  be  tolerated.  Sureroetltlnfwe  can  tuie,  that  engine 
dynamic  I*  not  a  limiting  factor  for  wind  ahear  response  alleviation,  The  phase  diagram  (thrust  rate  Versa*  threat!  of 
*  fan  engine  Is  presented  In  Fig.  for  ihretl  rate  and  thrust  IlmHaUona.  Additional!?  the  Ideal  thrust  (see  Equ.  Da) 
for  an  approach  In  the  critical  Hew  York  downbumlFlg.  19,  2U  ha*  been  calculated  and  demonstrated  In  Fig.  29. 
Neither  the  limits  for  the  maximum  ihreu  nor  for  the  maslmum  thrust  rate  will  be  touched  .  Even  If  these  con* 
stmlnt*  would  be  touched  foe  19  or  39  seconds,  the  consequences  for  airspeed  and  flight  path  devktlon  would  be 
small.  This  e sample  demonstrates  that  with  a  correct  thrust  control  the  accident  In  Hew  York  could  have  been  avoi¬ 
ded. 


t.  wind  shear  warning  information 


Previous  discussions  have  shown,  that  proper  control  of  throttle  and  contiol  stick  during  approach  and  landing  In 
wind  shear  can  *«okl  sccUent*.  Investigation*  of  more  than  30  accidents  gave  the  same  result,  except  oner  In  a  low 
level  Jet  In  the  Soviet  Union  the  flight  performance  was  the  limiting  factorial .  In  contrast  to  the  landing  approach  a 
take  off  In  *  strong  wind  shear  Is  always  extreme!?  dangerous.  The  pilot  has  no  Information  concerning  the  undi¬ 
sturbed  flight  path.  In  a  wlnj  shear  sccounier  the  flight  path  *nglo  should  be  m  low  **  possible  and  before  toothing 
the  ground  the  airspeed  should  be  reduced  down  to  the  suit  speed. 

In  general  on!?  larger  transport  aircraft  are  Involved  In  wind  shear  n»e|dent*.  These  aircrafts  are  well  equipped  wish 
excellent  cockpit  instrumentations.  In  principle  the  pilot  has  all  the  neccassr?  Information  available  lo  respond  In  s 
correct  manner.  The  question  Is  still  not  anrwered  why  pilot*  do  not  react  correctly  or  If  they  csn.  handle  correctly. 
I  assume  that  pilots  are  not  able  to  filter  the  relevant  Informations  out  of  the  large  amount  of  available  dau,  or  they 
have  problems  of  adequate  Interpretation. 

Additionally  some  correct  procedure*  contradict  the  pilots  feeling,  e.g.  speed  reduction  In  a  downburat  and  at  the 
same  time  pull  up  and  throttle  setting  to  malnuln  the  flight  path.  Events  have  been  reported  where  the  pilot  had 
switched  off  the  automatic  flight  control  system  In  a  wind  shear  situation.  The  pilot  misinterpreted  the  correct  re¬ 
sponse  of  the  flight  control  system  as  *  system  failure  ,  The  switch  over  from  an  automatic  lo  manual  control  In  ve¬ 
ry  dangerous  meteorological  situations  may  cause  accident*  In  general.  These  remark*  may  demonstrate,  that  the 
pilots  trust  •<»  the  correct  response  of  the  automatic  control  system  l*  very  Important  for  flight  safety.  So  reliable 
control  systems  aid  intensive  training  sre  required.  Additionally  the  pilot  should  be  Inl’crmed  In  a  cri'sesl  situation 
with  all  relevant  InfortwSka.  which  hsve  to  be  displayed  In  sn  adequate  manner.  It  should  be  noticed  that  mlswar* 
nlngs  can  destroy  the  bast*  for  good  will  quickly. 

In  this  paper  some  aspect*  could  be  presented  about  the  Information  which  Is  required  by  ihe  pilot.  In  order  lo 
respond  correctly  In  wind  shear  lo  supervise  ihe  correel  scilon  of  Ihe  automatic  flight  control  system.  The  rosin 
Information  concerns  the  flight  psth  deviation.  This  Is  available  ex  »  standard  for  an  Instrument  landing  approach  In 
the  cross  pointer  Instrument  or  the  "flight  director".  For  good  visual  ranges  the  risk  exists  that  the  pilot  switches 
over  from  kwtruroent  to  visual  flight  too  early.  The  critical  height  range  I*  between  120  m  and  80  ra.  Additionally  the 
pilot  needs  a  display  of  the  energy  situation.  For  small  energy  defkites  ( 20  ro)  no  response  of  the  pilot  is  necessary 
to  act  Ihe  ihrollle.  For  greater  energy  defkites  sn  Immediate  thrust  control  Is  required,  even  If  the  passenger  comfort 
rosy  be  disturbed  for  a  short  period.  If  there  Is  a  need  for  throttle  activity,  the  display  of  the  required  thrust  change, 
e.g.  the  change  of  specific  excess  power.  Is  hetpAsl.  The  dliplay  for  energy  and  energy  rate  must  be  placed  In  a 
central  position  of  the  Instrument  panel  lo  enable  a  scanning  of  the  displays  more  frequently  than  every  flv#  se¬ 
conds. 

The  concept  of  displaying  airspeed  bated  on  energy  and  energy  rete[S)  (chsputr  S)  has  been  tested  In  a  moving 
eceitplt  simulator  by  a  Joint  team  of  the  Bodenseewerk  Ceriieieehnik,  the  Deutsche  forschungs-  und  Yersuchsanstalt 
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Air  tuft-  »M  Raumfshrt  TOW  and  the  Technical  University  ttrauMthwelg.  This  researth  w*a  sponsored  by  the 
Cerman  Ministry  of  Transportation  (8MV){  IS}.  Fourteen  airline  pilots  flew  approaches  In  different  wind  *hc*r  end 
turbulence  situations.  The  downburst  th»t  eauicd  the  crush  of  0*  B  727  In  jie*  York  In  1975  created  the  severest 
dlffkukle*  although  gradients,  enetgy  variation*  and  requested  flight  petfotrotnee*  could  be  mM  moderate.  Alt  of 
the  fourteen  pilot*  anted  *  crash  In  th*  simulator  In  this  downburst.  (rt  Figure  27  the  approach  passing  the  down* 
hum  has  been  demonstrated.  In  this  simulator  eampagne,  the  energy  defktl  ha*  teen  displayed  In  a  modified  fast 
slow  Indicator  of  the  flight  director,  the  specific  axm*  power  ha*  hreo  Indicated  In  an  additional  pointer  In  the 
vertical  speed  Indicator. 

before  entering  the  downturn!  the  aircraft  Is  In  a  trimmed  night  condition  on  the  glide  path  (phase  A  In  Fig.  391.  In 
phase  R  the  downdraft  causes  despite  an  Increasing  headwind  a  less  of  power  Wetted  pointer  In  the  vertical  speed 
Indicator).  The  total  energy  condition  i  modified  fast  alow  Indicator)  I*  Mill  comfortable  and  no  pilot  response  is 
required  When  passing  the  eddy  layer  Into  the  tore  of  the  downburst,  the  Immense  Increasing  headwind  leads  to  a 
lurplu*  of  energy  and  a  moderate  overshoot  of  the  flight  path  (phase  Cl.  An  attentive  pilot  would  reduce  thrust 
now.  Shortly  alter  the  aircraft  achieves  the  core  of  the  downburst.  The  Indicated  loss  of  power  Is  dramatically  In* 
deed,  but  the  energy  condition  Is  silt!  balanced.  Only  seconds  Uter  (phase  O  the  Immense  loss  of  power  worsened 
the  energy  condition  drastically,  flow  an  Immediate  action  (meatmens  thrust,  go  around)  Is  demanded.  Certainly  many 
Pilots  have  problems,  shortly  »fter  the  decision  to  reduce  the  thrust  to  revise  this  decision.  The  trkkly  sequence  of 
power  variation  as  well  as  the  relative  small  deviations  In  airspeed  ami  flight  path  In  phase  E  hinder  the  pilot  with  a 
conventional  cockpit  Instrumentation  iO  Identify  the  situation  ami  handle  correctly.  With  the  assistance  of  the  disc  - 
led  energy  and  power  deficits  Indicator,  ten  of  the  fourteen  pilot*  were  able  to  arrange  a  safe  go  around  tflg.  Id  ami 
III.  The  question  why  four  pilots  did  not  follow  the  adviees  of  the  indicator  and  caused  a  simulator  crash  Is  still  not 
answered.  Probably  the  unfavourable  position  of  the  Indicators  plays  an  Important  role.  The  fast  slow  indicator  has 
*  relative  small  site  and  the  vertical  speed  Indicator  Is  placed  outside  the  pilot*  central  range  of  vision  and  had  been 
scanned  In  the  csperlments  only  every  s«ven  second*.  The  wind  shear  problem  Is  more  or  le»*  a  nv*n  machine  Inter* 
face  problem.  It  appears  difficult  to  supply  the  pilot  with  another  Information  In  view  of  the  great  burden  of  control 
task  he  has  In  t  landing  approach.  The  question  arise*  whether  to  Install  additional  Instruments  or  to  modify  already 
existing  displays.  This  Is  more  or  less  a  question  of  philosophy,  that  Is  certainly  going  to  answer  Itself,  when  new  or 
modified  Instruments  fulfill  the  one  demand,  only  want  the  pilot  when  it  Is  necessary,  and  that  will  give  him  appro* 
prlatc  guidance  when  he  need*  It. 

So  the  main  results  of  the  simulator  studies  are  as  follows 

-  pllou  (both  well  or  less  esperienced)  are  not  able  to  make  *  safe  landing  under  severe  wind  shear 
conditions  without  additional  support  of  an  automatic  flight  control  system  or  an  adequate  wind  shear 
warning  display) 

-  sufficient  display  quality  Is  required  to  persuade  the  pilot  to  response  In  the  correct  manner 

*  If  there  It  enough  training  available,  pllou  can  adapt  themselves  to  specific  wind  shear  profiles.  It  Is 
therefore  necessity  to  expose  the  pilot  to  different  wind  shear  situations.  A  general  ground  based  wind 
sheer  warning  Is  worthwhile  but  not  sufficients 

•  >..i  adequate  wind  shear  warning  display  can  support  the  pilot  In  the  most  severe  wind  shear  situations. 


7.  CONCLUSION'S 


Wind  shear  during  uke-olf.  go  around  and  missed  approach  Is  a  pure  flight  performance  problem.  Pilots  should 
avoid  to  uke  off  Into  thunderstorms.  Moderate  wind  shear  Induced  by  orographic  lee  effects  can  be  overcome  by 
Increasing  the  thrust  to  weight  ratio,  especially  In  engine  failure  conditions.  In  unexpected  'Conevrous  situations  the 
pilot  U  advised  to  reduce  the  airspeed  safety  margin  In  order  to  Increase  the  obstacle  cleat, tncc.  Wind  shear  accident* 
during  landing  and  approach  could  generally  be  avoided  If  the  pilot  keeps  the  automatic  flight  control  syatems  In 
operation  and  if  he  U  Informed  by  an  adequate  wind  shear  warning  display.  Wind  shear  Is  particularly  dangerous  If  It 
occurs  In  a  height  of  approximately  CO  -  120  m. 

A  ground  Used  wind  shear  warning  Is  worthwhile  but  not  sufficient.  Measuring  the  gradients  Is  still  a  problem. 
Significant  b  the  energy  and 'energy  rate  and  this  will  be  rrried  by  combinations  of  different  gradients  and  the 
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downdraft.  The  elfklency  of  the  gradient*  differ  eery  much.  Sm-dl  gradient*  «n  be  overcome  by  sullkknt  control.  A 
major  parameter  of  Influence  ft  lHe  airspeed,  »  (he  aircraft  create*  the  wtndvsriatlon  only  when  passing  a  wlndlkM. 
In  contrast  to  the  general  opinion,  n  higher  aitspeed  way  Increase  the  unlavourable  wind  *he*r  sliutilon.  Pilot*  »ho* 
uld  be  ».l*i»e>l  to  beep  the  preselected  flight  path  ns  precise  a*  possible. 
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APPENDIX 


SIMPLIFIED  EQUATION  OF  THE  AIRCRAFT  MOTION  IN  A  WINDFIELD 

At  VELOCITY  VECTOR  GEOMETRIC 


The  aircraft  mo«e*  with  the  *lr«peeJ  V  mlatle  to  atmosphere.  The  atmosphere  Ittelf  moves  with  wbslspeed  Vw  rela¬ 
tive  to  tlx  earth  surface.  The  flight  path  speed  V,  (ground  speed)  lx  the  sum  of  airspeed  ami  wlndspeed 

Vt.  v  ,  v„  (All 

This  vector  equation  Is  demonstrated  In  Fig.  (A.19  for  a  symmetrical  flight  (vector  plain  Is  perpendicular  to  the  hori- 
son). 


Wind  speed  vectors 


The  Important  wind  angle  ew  Is  as  well  a  function  of  the  horizontal  and  vertical  wind  speed  components  u^,  wtJ  as 
of  the  flight  path  angle  y.  From  Fig,  A  l  we  get 
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SUMMARY 

A  amplified  model  of  aircraft  And  pilot  response  to  wind  shear  it  used  to  identify  the  potent!*!  height  lot*  during  wind  shear 
encounters.  This  potential  lieight  toss  Is  directly  related  i  the  possibility  of  unscheduled.grotmd  coqtaa  and  is  profited  m  a 
primary  indicator  of  wind  shear  severity.  Key  factors  of  wind  shear  strength  and  aircraft  performance  whleh  Influence  the 
potential  height  loss  arc  Identified  using  this  simple  model.  This  helps  to  provide  a  better  understanding  of  the  complex 
intenKtkxu  between  the  piloi/airerafi  and  the  wind  shear. 

Various  practical  severity  factors  arc  examined  in  relation  to  both  the  poicntial  height  toss  and  the  probability  of  encountering 
various  shear*,  it  U  showfi  that  severity  factor*  based  on  pseudo  Energy  Rate  have  fundamental  problems  in  resolving  the 
conflict  between  false  alarms  and  providing  timeiy  Information  to  a  pilot,  when  used  with  current  sensors  on  aircraft  or  sensor* 
that  scan  and  probe  (such  as  Doppler  Radar  or  User).  An  improved  severity  factor  based  on  the  potential  height  lovs  analysis  is 
shown  to  have  a  ktw  risk  of  false  or  missed  alarms,  and  aj-pro,  .late  threshold  values  arc  easily  Identified  for  ail  aircraft  types. 
This  Improved  severity  factor  requires  probe  and  scan  sensor*. 

I  INTRODUCTION 

Wind  shear  i*  a  phenomenon  which  has  resulted  in  several  major  aircraft  accidents  and  loss  of  live*.  It  'tan  be  defined  In  general 
terms  as  — 

*any  change  of  wind  or  updraught  causing  a  change  of  flight  path  that  require*  significant  pilot  action  for  recovery* 

The  words  ‘change*  of  wind*  arc  particularly  significant  at  steady  wind*  or  changes  in  aircraft  direction  do  not  produce  wind 
shear. 

These  significant  changes  of  wind  in  wind  shear  are  pan  of  the  wide  spectrum  of  wind  variations  front  Turbulence  rhrough 
Wind  Shear  ro  Weather.  In  aviation  (ernw  these  can  be  classified  as — 

Titrbukntt 

Distutbancej  which  require  little  or  no  pilot  action  to  maintain  the  desired  flight  path  wiihin  acceptable  limits.  Generally 
short  duration  events,  typically,  less  than  3sec. 

Hind  Shear 

Disturbances  requiring  significant  pitot  action  to  maintain  flight  path  within  acceptable  limit*.  Generally  events  between 
about  3see  and  dOsce  in  length. 

ItVwAer 

Long  term  and  large  scale  events  with  little  effect  on  flight  path. 

Within  this  wide  speettum  there  ate  all  possible  combination*  of  sire  of  wind  change  and  length  (time  or  distance).  For  practical 
application  of  wind  shear  measurement*  in  aviation  it  is  essential  to  find  factors  (Wind  -Shear  Severity  Factors)  that  directly 
relate  the  wind  shear  characteristics  of  wind  change  and  length  to  the  potential  Itaxard  for  particular  aircraft  or  classes  of 
aircraft.  It  is  also  important  that  such  factor*  should  lie  easy  to  identify  during  rhe  onset  of  a  wind  shear  encounter  by  sensors  on 
an  aircraft  so  as  to  provide  information  to  the  pilot  in  a  timely  manner.  Finally  the  Informau'on  must  be  dearly  and  simply 
related  10  an  aircraft's  response  capability,  ie  die  pilot  must  be  able  to  take  immediate  action  of  the  appropriate  magnitude 
without  further  assessment  or  calculation. 

In  addition  to  these  practical  application  issues,  it  is  also  Important  that  the  severity  factor  and  sensor  systems  should  not 
generate  many  false  alarms,  nor  seriously  underestimate  severity  (at  least  not  within  die  range  of  probable  wind  shears). 

To  evaluate  proposals  for  Wind  Shear  Severity  factors,  it  is  necessary  to  have  a  measure  of  rhe  potential  disturbance  to  aircraft 
from  any  wind  shear,  and,  *lso,  knowledge  of  die  probability  of  encountering  these  wind  shears.  Probabilities  are  well  defined 
for  Headwind  shears  in  Ref  1,  where  nearly  10000  landing  approaches  are  analysed  from  worldwide  operations.  The 
evaluation  of  potential  disturbances  is  considered  in  this  paper. 

The  method  developed  to  evaluate  potential  disturbances  provides  n  basis  for  better  understanding  of  die  importance  of 
various  wind  shear  and  aircraft  perfoimanee  parameters.  Then,  finally,  some  wind  shear  severity  factor*  arc  studied  in  the  light 
of  potential  disturbances  and  probabilides  of  encounter. 


2  ESTIMATION  OP  POTENTIAL  IHSTtiTUANCE 

Among  various  mciwfct  that  eould  quantify  ttut  xvcrity  w  tee  effect  of  wind  shear  on  an  aircraft, there  U  little  doulw  that  k»t 
of height  relative  to  Utc  desired  flight  pate  »  tec  mast  important.  It is  lax*  of  height  that  determine*  whether  or  not  there  will  fee 
an  unscheduled  esntaci  with  ground.  This  paper  consider*  height  low  produced  by  wind  shear  as  a  direct  measure  of  it* 
severity. 

In  general  wind  shear  duration  will  be  many  seconds,  or  even  tens  of  seconds,  and  there  is  time  for  pilots  to  take  action  to 
counter  the  effects  of  the  wind  shear.  Thus  any  estimate  of  height  loss  must  include  tec  effects  of  pilot  actions  to  make  corrective 
manoeuvres  such  et  adding  power  and  pulling  up.  In  addition  the  time  Kale  Is  also  tong  enough  to  take  into  account  normal 
stabilising  court)!  inputs  from  tec  pilot  (or  autopilot).  Indeed  If  Is  essential  that  these  stabilising  inputs  are  included  because  the 
natural  response  of  aircraft  indudes  an  almost  neutrally  stable  long  period  oscillatory  speed  and  flight  pate  response  mode  (the 
PhugoW)  Kef  2,  which  Is  easily  stabilised  by  controlling  pitch  attitude  With  pitch  s whites tion  (automatic  or  manual)  the 
nature!  modes  are  changed  Its  a  very  stable  it  on -oscillatory  flight  path  mode  with  a  time  constant  of  I-2*ce,  and,  at  normal 
approach  and  take  off  conditions,  an  almost  neutral  non’osdilaiory  speed  mode.  (This  speed  mode  is  neutrally  stable  at 
minimum  drag  Speed). 

Several  studies  have  illustrated  tee  difference  between  stkk-fucd  and  controlled  flight  through  wind  shear  (Kefs  3  it  4  are 
examples).  They  all  clearly  show  large  Htugokl  oseiilaiiow  wlvcn  wntteix  are  fined,  These  oscillations  arc  almost  completely 
absent  when  piteh  eontol  is  used,  although  there  are  still  flight  path  deviations  related  to  the  wind  shear.  It  Is  tkar  that  any 
estimates  of  wind  shear  effects  on  flight  path  must  include  pitch  stabilisation 

Because  pilch  subilisadon  results  in  almost  neutral  speed  s’teility  and  a  rapid  response  flight  pate  mode  it  Is  possible  !o 
produce  a  simple  aim!  yet  dose  approximation  to  an  a! re  raft’s  response  to  wind  shear  by  assuming— 

a  constant  pitch  attitude,  ie  perfect  pitch  stabilisation 

b  neutral  speed  stability,  k  ground  speed  only  varies  in  response  to  engine  thtust  changes  and  not  In  response  to  changes  in 

headwind 

c  instant  flight  path  response,  or  more  rigorously  that  shear  duration  Is  long  compared  with  the  flight  path  response  time 
constant  cf4.-2se& 

Using  this  approximation  has  the  malar  advantage  of  providing  direct  insight  into  the  factors  Influencing  height  response  to 
wind  shear*  of  all  kinds.  The  following  sub-sections  study  tee  height  response  to  headwind  shears  and  up/downdraughts 
respectively. 

The  Influence  of  delays  in  pilot  recognition  and  response  to  the  shear,  and  in  engine  thrust  response  to  throttle  inputs  arc 
included  in  the  studies, 

2,1  Potential  height  loss  because  of  Headwind  shear 

Consider  tee  height  loss,  Fig  1  caused  by  a  Headwind  shear  of  AVs  over  Ts  seconds  of  flight  at  an  Initial  ground  speed  of  Vi 
when  the  pilot  applies  a  step  throttle  input  demanding  an  aircraft  aceclcratio*.  of  A  at  a  time  Ta  seconds  after  tec  start  of  the 
shear. The  engine  has  a  first  order  response  of  thrust  to  throttle  with  a  time  constant  of  x 

In  the  Appendix,  it  is  shown  that 


AV  «  Airspeed  change  at  time  Y 
To  -  TimewheaAV  -  0,t  ri  0 
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Cu  -  Lift  coefficient  at  t  -  0,Ct  - 

m  »  aircraft  mass 
g  -/gravitational  acceleration 
-•  air  density 

Vt  -  airspeed  (-  initial  groundspeed) 
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L,  -  Wind  shear  duration  distance,  Vt*7s 
H  -  Height  increase 
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It  should  be  noted  that  the  relationships  are  non-linear  function*  of  (AV/AVs)  which  mein*  that  for  a  given  change  of  airspeed 
relative  to  Vi  there  li  a  much  greater  rate  of  descent  for  an  airspeed  dee  reave  than  there  Is  rate  of  climb  for  the  same  airspeed 
Increase,  eg  a  -2054  change  produces  a  rate  of  descent  US 4  time*  larger  than  the  rate  of  climb  from  +20%.Thl*  wetas  that  there 
will  bcanet  lo«  of  height  In  penetrating  a  symmetrical  microburst  (ie  with  equal  headwind  and  tailwind  changes)  If  a  [diet  takes 
no  corrective  action. 

It  Is  informative  to  study  the  influence  of  the  various  parameter*  on  the  non-dimensional  potential  height  change  function 


This  function  could  imply  that  the  potential  height  loss,  H,  will  be  proportional  to  lift  Coefficient,  ic  it  will  reduce  if  an  aircraft 
Increases  its  flight  speed.  1  lowevcr,  flight  speed  is  also  impiicil  in  :li  the  other  non-dimensional  parameters  and  it  is  not  possible 
to  deduce  a  simple  effect  from  flight  speed  In  response  to  I  leadwind  ihrars. 

First  consider  the  effects  of  varying  each  of  the  three  non-dimensional  constants  In  mm  with  the  other  two  held  fixed.  Rg  2 
show*  the  contours  of  f(l  1)  while  varying  the  Shear  Gradient  to  Aircraft  A  tricration  ratio.  Ucctuse  of  the  ccmpitxity  of  the 
ratios  it  is  not  easy  to  interpret  these  contours  (the  solid  tines).  However  it  is  straightforward  to  construct  contours  of  constant 
shear  length  and  ai  rspeed  and  tlicse  (the  dtuAollinesJshovvtiea.-ly  that,  hdghtloss  increases  approxj  msfdy  as  ihb  square  of  Ute 
wind  shear  speo  j  diangr  and  inversely  as  the  square  of  the  airemft  acttkrailisn. 

This  demonstrates  how  the  effects  qf  shear  increase  dramatically  (as  the  sqtuie  of  Ute  vvind  shear  tpced  dung*).  TO#  helps  to 
account  for  some  of  the  apparently  large  differences  in  lespox?  between  cons  ten  live  drenift  encountering  shears  osi  a  landing 
approach  w  Well  should  not  have  increased  greatly  during  die  tew  minutes  between  e-icb  encounterT  f  t  also  inditales  why  wind 
shear  Is  nol  such  a  problem  with  high  performance  milWy  5'rcrtft  tu.thcsc  usually  have  much  more  acceleration  available  dan 
civil  aircraft. 

The  effects  of  engine  response  time  constant,  Rg  3a,  anriqf  pilot  action  delay,  Fig  3b,  are  much  .'css  significant  than  the  shear 
and  acceleration  terms  in  Rg  2  (note  'Ust  the  scale  of  f(II)  li  the  same  ffi  till  these  Figs).  The  changes  are  almost  linear  in  Rg  3 
and  the  relatively  gentle  increases  mean  that  any  studies  willnot  he  pssticularly  sensitive  to  the  choice  of  engine  or  pilot 
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Fig.  2  Variation  of  H  with  &VS  oi 
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Fig  3  Vorkation  ofH  withT  mi  T* 
at  constant  -1*5 

response.  !t  it  wo  ah  noting  that  there  U  a  height  loss  at  zero  pilot  response  lime  In  Fig  3b  because  the  shear  gradient  is  greater 
than  the  aircraft  acceleration  in  this  exam pie. 

To  study  other  aspects  of  response  to  tried  shear  It  is  helpful  to  construct  a  graphical  base  relating  wind  shear  gradient,  AVjt/Tr, 
nod  the, ratio  of  the,wind  shear  speed  change  to  aircraft  speed.  Such  a  form  is  presented  In  Fig  -(.The  bade  dimensions  arc  all 
powerxnf  acceleration  and  the  axes  relate  two  key  wind  shear  parameters  to  aircraft  speed.  At  constant  airspeed,  the  horizontal 
axis  (s  Shear  Length  and  the  vertical  axis  is  a  Wind  Shear  function, 

AVs/jL,  *  Vli;f> 

Winch  relates  directly  to  the  probability  of  eneo'mlcr,  Ref  1 , -The  shear  gradient  ,utd  sped  ratio  both  relate  directly  to  aircraft 
jicriormsiwe  characteristics.  For  example,  Bireraft  are  fctpiircd to  have  specific  acceleration  captbilities  in  approach  and  take- 
oFcanliguratiopis  to  cope  with  engine  faflute.  Tills  means  that  most  aircraft  have  around  1  to  lim/s1  aecderatior.  available 
(KB  iiiJi  b  approximately  2  knots)The  other  parameter  of  speed  ratio  relates  directly  to  the  ratio  between  the  aircraft’s  speed 
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Fig.  S  Relationships  between  Sb«ar  and  Potential 
Height  Los* 


and  lit  sail  speed,  which  is  usual!?  about  12  oolite  approach  and  about  14  at  normal  climb  speed.  It  should  Ik:  tuned  that, 
although  a  shear  speed  fades  of  -04  could  imply  that  m  aircraft  would  Mali,  the  pilot'*  reaction*  with  die  throttle  will  reduce  the 
actual  (ms  of  speed except  for  very  short  shear  kngrjhs.  It  is  imerestlrtg  to  note  also  that  the  Wind  Sltear  function  is  a  product  of 
shear  gradient  sad  the  square  of  sltear  speed  ratio,  which  refieCs  the  Joint  Importance  of  these  two  parameter*.  This  Wind 
Shear  function  wet*  suggested  as  a  wind  shear  severity  measure  in  Kef  l.  Finally,  as  observed  in  Ref  I ,  in  the  limit  it  would  be 
tspocicJ  that  severity  would  be  almost  entirely  dependent  on  the  speed  change  ratio  w  hen  sltear  gradient  is  significantly  greater 
than  the  acceleration  available  to  the  aircraft,  ie  at  a  short  shear  lengths,  and  severity  would  be  almost  entirely  dependent  on 
shear  gradient  when  that  is  less  titan  the  aircraft  acceleration,  ie  at  long  shear  lengths. 

Rciurasjig  to  the  potential  height  change  estimates,  it  is  possible  to  add  colours  of  a  I  (eight  function,  also  in  acceleration 
dimensions,  to  the  graph  far  any  (tied  value  of  aircraft  acceleration.  Fig  5  show’s  such  contours  for  an  acceleration  of  I  m /**. 
(Nil  As  the  1  Idght  function  varies  very  nearly  as  the  inverse  of  the  square  of  acceleration,  it  is  easy  to  convert  contours  to  miter 
acceleration  levels,  eg  at  nn  acceleration  of  M  m/s5  the  height  function  contour  values  will  be  halved).  It  is  immediately 
noticeable  In  Fig  5  that  the  contours  tend  to  be  parallel  to  speed  ratio  at  short  shear  lengths  and  parallel  to  shear  gradient  at 
large  lengths  as  predicted  in  the  previous  paragraph. 

A  further  Important  feature  Identified  is  that  height  is  proportional  <o  W.Cj,  as  the  lift  curve  slope  V  varies  little  between 
aircraft  types,  How  Vf.Ct  is  directly  proportional  to  Wing  Loading  and,  thus.  Height  loss  Is  directly  proportional  to  Wing 
loading.  This  shows  that  the  trends  over  the  years  towards  higher  .wing  loading  for  transport  aircraft  have  increased 
susceptibility  to  wind  shear,  and  helps  to  explain  why  wind  shear  accidents  have  appeared  as  a  modem  (shcnomcnon. 
(Improved  accident  recorder  systems  have  also  helped  to  identify  wind  shear  where  it  might  have  gone  undetected  in  tlie  past). 
It  also  means  that  classification  of  different  aircraft  in  terms  of  susceptibility  to  wind  shear  will  be  a  simple  function  of  Wing 
Loading  and  Available  Acceiei  ation, 

fig  5  also  indicates.  Uiat  the  effects  of  increasing  flight  speed  for  a  given  aircraft,  Ie.  at  constant  Wing  Loading,  and  given  wind 
shear,  ie  constant  ft  Vs  and  Ls,  will  be  more  height  lavs  at  long  shear  lengths  and  slightly  less  height  loss  at  shun  sltear  lengths. 
This  is  not  unexpected  as  increasing  flight  speed  will  increase  the  shear  gradient,  which  is  the  most  critical  factor  at  long  shear 
lengths,  At  short  shear  lengths  the  wind  change  is  most  ’/nportant  (and  unchanged),  which  means  that  some  relief  can  be  gained 
from  the  shorter  duration  of  the  windshcacavcm. 
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Fif.  6  Patenifcl  Height  Lois  and  Heodwind  Sheer  ot  '^•TSrt^ 


Taking  specific  ck«5>j4«  *5!1  illustrate  Ijhu  hdgbUhange  contours.  The  first  eampk,  Fig  6,  i*  for  a  Vt  ©(  75 %fi  (about  1 30 
kiwi),  mi  VCt,"  e( 6,  an  engine  Nspotvse  time  constant  of 4s,  and  a  pika's  (oponse  tklay  o(  6s. These  figures  correspond  in  6 
*vg  h)»<Hng  @( shout  35C0  KcwtonAn’  170  psl)  aril  would  he  typical  o(all7<7  typcW  aircraft.  An  seeekmtfoo  <<(  1 ,4m/*vii 
taken  a*  Wing  representative  for  a  8741)  j<y  t  height  loss  value*  may  easily  he  sealed  for  otter  cate*.  Also  included  on  Ftg  6  are 
the  larger  shear  ewet  weaswtd  trTef  I  where  analysis  e<  nearly  1 0000  landing*  by  Hiitisii  Airway*  H747  aircraft  throughout 
the  wodJ  provided  probability  statistic*  for  wind  shear  encounters  and  several  eaampks  of  moderate  and  strong  short, These 
daw  suggest  that  tW  *IOm  contWrcouSd  betut  appropriate  boundary  between  moderate  and  strong  shears.  The  ttfvnjshear  at 
arjumi  1  500m  Ls  was  close  to  an  acchkct  anu,  thus,  the  »20m  contour  could  be  suitable  for  the  boundary  between  strong  and 
severe  shears. 

In  Fig7  a  case  at  a  tower  Wing  loading  I*  shown.  Aft  the  parameters  are  the  same  cacept  for Vt*hkhU  reduced  to  55m/s.vdtkh 
is  equivalent  to  a  Wing  loading  of about  1 5KK)  Nr*Km&t*{-t0  The  scales  in  Fig  7  are  the  same  at  Fig  fi  and  »hws?  that  the 

Wight  change  contours  peak  at  a  shorter  tl  tear kngth  and  a  gttatcr  shear  strength  it  needed  to  cause  the  same  height  lot*. The 
contour*  for^jc  two  wing  loadings  are  eomparci  fo  J7ij  8. 
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Fig.'7  Potentiol  Height  Loas  ond  Htodwind  Shear 
at  Vi»5Sm/» 
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Mg.  8  Potential  Height  Loss  and  Headwind  Shear. 
Comparison  at  Vf75  ond  55  m/s 
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Al  constant  piteh  attitude  and  speed  the  rate  of  t Jcseent  of  an  aircraft  is  equal  to  the  Instantaneous  downdraught.  I  lelght  toss  is 
then  the  tokyal  of  the  downdraught,  oe 

v.  i. 

H  **  J  Wdt  *  J  (\V/Yt)dx 
*  * 

where  II  •*  R«cnti*l  height  Ion 

TV  “  duration  of  the  shear  *  L/Vt 
Ur  *•  Sitcar  length 

SV  •»  ImtaMxncous  downdraught  at  distance  V 

Thus  !n  contrast  lo  Headwind  shear,  the  higher  the  airspeed  the  lower  U  the  potential  height  toss  for  all  shear  lengths. 

The  effect*  of  pilot  stetson*  on  the  throttle  arc  Identical  to  the  Headwind  shear  ease  and  need  not  be  added  again.  In  most  ease* 
downdraughts  near  the  pound  are  associated  with  significant  headwind  shear*  and  hut  no  longer  than  the  headwind  shear.  In 
these  circumstance*  the  effect  of  the  downdraught  may  be  added  directly  to  the  effect*  of  the  headwind  shear  and  pilot's  throttle 
response*. 

3  SCUCnON  or  SEVEJUTV  FACTO* 

The  chare  of  >.  severity  factor  can  be  made  on  various  criteria.  The  most  commonly  used  to  date  being  the  ’P  factor,  Ref  5, 
which  l*  bsxd  on  pseudo  Specific  Energy  rate  and  that  the  energy  of  an  aircraft  t*  given  by  It*  kinetic  energy  based  on  t  irspeed 
and  potcraial  energy  from  height.  Whilst  this  Is  true  in  steady  wind  condition*,  kinetic  energy  docs  not  change  with  airspeed  In 
changing  wind  conditions  (wind  shear).  The  usual  form  of  the  factor  based  on  pseudo  Energy  Kate  Is 

F  ~  (d  Vs/dt)fg  —  Vw/Vl 

This  *F  factor  docs  not  include  any  specific  reference  to  the  length  or  duration  of  the  shear,  although  Ref  6  suggests  that  shear 
length  Improves  the  correlation  between  the  *P  factor  and  the  characteristics  of  mleroborst  wind  shears. 

The  analysis  in  Section  2  has  shown  that  at  long  shear  lengths  the  use  of  shear  rate,  dVsAJt  Is  directly  related  to  potential  height 
lots,  Mg  5,  and,  as  mentioned  earlier,  It  Is  logical  that  this  will  be  the  main  performance  parameter  when  the  available  aircraft 
acceleration  is  greater  than  the  shear  rate.  1  lowcver,  as  shear  rate  approaches  and  exceeds  aircraft  acceleration,  the  shear  rate 
would  be  expected  to  be  less  Important  with  the  emphasis  transferred  to  the  total  change  In  headwind.Thls  expected  change  Is 
seen  In  the  potential  height  loss  factor.  Fiathemvore,  the  pseudo  Energy  Rate  factor  gives  no  indication  of  the  effects  on  any 
given  aircraft  and  thus  separate  studies  must  be  made  to  choose  boundary  conditions  for  various  aircraft. 

The  potential  energy  term,  Vw/Vt,  again  has  some  of  the  necessary  terms  to  relate  to  height  disturbances,  1  lowevcf,  potential 
height  tea  calculation*  would  be  related  to  (VwA't)*(Shcjr  length)^  It  is  to  be  expected  that  Shear  length  would  be  important  as 
a  high  value  of  (Vw/Vi)  over  a  short  shear  length  would  not  cause  a  significant  distuibance.  Indeed,  high  values  of  (Vw/Vt)  arc 
not  uncommon  in  turbulence. 

A  further  problem  with  the  F  factor  Is  that  It  can  only  be  calculated  if  the  airspeed  of  the  aircraft  is  known.  Ideally  any  severity 
factor  should  be  calculated  on  the  bads  of  the  wind  shear  without  any  aircraft  terms  so  that  li  can  be  applied  to  a  wide  range  of  * 
different  aircraft  types  using  measurements  of  the  shear  from  any  sensors,  ie  a  single  severity  factor  can  be  identified  and 
presented  to  alt  aircraft  who  will  then  compare  It  with  the  critical  values  for  their  particular  aircraft  and  condition.  Potential 
Height  Lots  severity  can  be  directly  related  to  terms  containing  only  wind  shear  characteristics. 

One  perceived  advantage  of  the  F  factor  Is  that  the  shear  rate  term  can  be  determined  without  any  knowledge  of  shear  length  by 
direct  measurentents  on  board  an  aircraft,  as  can  an  estimate  of  the  downdraught  component.  The  Potential  Height  Loss 
method  requires  knowledge  of  shear  length.  However,  as  shown  In  Section  2,  the  shear  length  is  an  important  factor  In 
determining  wind  shear  severity. 

However,  these  ideal  considerations  of  the  F  factor  and  Potential  Height  toss  factor  are  only  part  of  the  picture.  It  Is  also 
important  to  consider  practical  measurement  with  various  types  of  sensors  on  aircraft  and  on  the  ground,  and  to  consider  the 
probability  of  encountering  the  various  types  of  wind  shear,  u  this  will  determine  the  probabilities  of  false  alarms  or  significant 
underestimates  of  shear  severity  (missed  alarms). 

3.1  Cnaildtrxionft  of  the  prahftbMRy  of  wind  shear  tttseosjmcr*. 

It  is  convenient  to  consider  probabilities  first  so  that  they  can  be  included  when  considering  practical  measurements.  Very  clear 
statistics  of  the  probability  of  encounter  of  headwind  shear  are  presented  In  Ref  1 .  These  show,  Fig  9,  that  atthe  longer  shear 
lengths  there  is  a  linear  relationship  between  the  logarithm  of  the  Shear  strength  parameter  of  Figs  fi  and  7  and  the  encounter 
probability  in  travelling  one  shear  length.  This  is  translated  into  the  probability  of  encounter  during  a  landing  approach  in  Fig 
10. 
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Fig.  10  Potential  Height  Loss  and  Headwind  Sheor.  Comparison 
with  Worldwide  Probability  0 1  enccwnter. 


Unfortunately  there  sre  no  comparable  stadstics  on  the  probability  of  encountering  downdraught*,  nor  on  joint  probabilities. 
However,  it  would  seem  from  the  larger  event*  studied  in  Ref  1,  that  headwind  shear*  can  occur  without  significant 
downdraught*,  and  significant  downdraught*  do  not  seem  to  occur  ck>*c  to  the  ground  without  significant  headwind  shear. 
'Ihu*  the  overall  probability  of  downdraught*  will  be  less  than  headwind  shear.  It  may  be  possible  to  establish  a  useful  model, 
where  downdraught  Is  1  constant  proportion  of  the  headwind  change,  for  use  with  senior  system*  that  only  measure  head  wind*. 
This  would  Imply  a  small  penalty  In  a  lower  threshold  w  hen  downdraughts  are  absent,  but  this  may  be  acceptable:  A  possible 
proportion  could  be  0.25  and  this  would  give  a  downdraught  of  4 m/s  (800ft/min)  when  AVs  was  •lfitn/s  (32kn),  which  is  a 
reasonable  model  for  the  severe  mkroburst  case. 

3*2  fndictl  cofliMtittiiw 

For  the  purposes  of  this  study,  all  practical  measurement  systems  may  be  classified  into  two  types; 

a  point  measurement  systems  where  Instantaneous  information  on  winds  is  gathered  at  one  or  a  group  of  fixed  points  as  a 

time  history.  The  fixed  point  may  be  an  aircraft  or  on  the  ground. 

b  scan  and  probe  measurement  systems  where  wind  measurements  are  taken  almost  Instantaneously  over  a  range  of 
distance  or  volume.  Again  the  system  can  be  carried  on  an  aircraft  or  on  the  ground. 

The  important  difference  between  them  Is  that  there  is  no  information  on  shear  length  from  the  point  system  until  the  end  of  the 
shear  Is  reached.  This  may  be  after  travelling  several  kilometres  and  will  frequently  be  too  late  for  a  timely  warning  from 
systems  carried  on  an  aircraft.  The  scan  system  instantaneously  measures  both  shear  strength  and  length  directly,  and  usually 
before  an  aircraft  encounters  a  shear  if  it  fs  an  airborne  system. 

The  F  factor  does  not  Include  shear  length  and  can  be  measured  by  point  systems  on  an  aircraft.  Fig  l'l  shows  the  component  of 
F  from  a  headwind  shear.  In  this  ease  1  contour  of  AVs/Ts — -1  ,Om/t3.  At  very  short  shear  lengths  this  F  factor  corresponds  to 
small  changes  in  Vs  which  are  insignificant.  To  reduce  the  false  alarm  rate  that  would  result  from  the  direct  calculation  of  F,  it  is 
usual  to  apply  a  low  pass  filter.  Fig  1 1  shows  the  effect  of  such  filters  and  their  use  will  improve  the  match  between  the  F  factor 
and  the  Potential  Height  loss  contour.  However,  to  give  a  timely  response  the  filter  should  not  have  a  delay  of  more  than  4s  on 
any  aircraft  based  system.  With  this  level  of  delay  the  F  factor  shows  a  significant  region  where  warnings  will  be  generated  for 
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Fig.  II  F  factor  characUrlitlci 

shears  that  arc  «  small  a*  half  the  arrength  (or  about  1/4  the  height  loss)  of  the  critical  boundary  suggested  by  the  potential 
height  loss  for  short  shear  length*  (<  750m  in  the  example  of  Fig  1 I). The  ptobabtlity  of  encountering  these  shears  I*  also  much 
higher  than  those  which  correspond  to  the  potential  height  low  contour.  At  greater  shear  length*  it  require*  a  significantly 
greater  shear  strength  to  reach  the  F  factor  than  that  to  give  the  potential  height  low.  Alto  the  probability  of  encounter  it  much 
lo«er  for  the  F  factor.  This  wiU  mean  that  a  sWficant  number  oi encounters  which  are  critical  In  potential  height  low  trill  be 
mitred  by  the  F  factor.  Beyond  a  shear  length  of  3000m  in  the  case  of  Fig  II ,  the  probability  of  encountering  critical  shears  falls 
below  about  Jin  1 0*  landing*.  If  the  F  factor  critical  value  is  reduced  it  it  possible  to  get  a  much  clow  fit  between  it  and  the 
potential  height  loss  contour,  but  unfortunately  only  at  the  espense  of  Increasing  the  size  of  the  region  at  short  shear  lengths 
where  false  alarm*  are  likely. 

1 1  is  also  unfortunate  that  the  F  factor  docs  not  contain  any  shear  length  in  the  downdraught  t*m.  This  will  increase  the  false 
alarm  rate  for  short  shears  and  the  missed  alarm  rale  for  long  shears. 

For  ground  based  systems,  it  may  bs  impossible  to  use  ‘point  systems'  because  the  time  taken  for  a  shear  to  pas*  the  sensor 
depends  on  the  mean  wind  speed,  which  can  be  very  low,  and  this  also  complicates  measurement  of  shear  length.  The  u«  of 
multiple  “point  sensors'  can  partially  overcome  this  problem,  as  in  the  Low  Level  Wind  Shear  Alert  System  in  use  in  the  USA. 
>  I  iowever,  the  spacing  of  the  senior*  determine*  the  lengths  of  shears  that  can  be  satisfactorily  measured,  and  there  arc  other 
problems  from  fixed  locations  and  the  low  height  of  the  sensors  compared  with  aircraft  flight  paths.  A  know  ledge  of  aircraft 
awed  and  shear  length  arc  needed  before  an  F  or  Potential  Height  factor  can  be  calculated  from  ground  based  measurements. 

Titus,  the  esc  of  the  F  factor  and  point  sensor  systems  on  an  aircraft  is  liable  to  generate  significant  false  alarms  and  miss  many 
serious  shears.  The  false  alarm  rate  will  be  difficult  to  identify  because  it  is  likely  to  occur  relatively  infrequently  at  around  1  in 
10'  landings  compared  with  real  critical  shear  piobabilitics  of  around  I  in  I0l  landings.  However  this  is  still  high  enough  to 
eventually  bring  F  factor  point  sensor  systems  into  disrepute. 

The  use  of  scanning  sensors,  such  as  Doppler  Radar  or  Later  systems,  provide*  instant  information  on  shear  length  as  well  a* 
strength. This  allows  the  potential  height  loss  contours  to  be  used  directly  from  airborne  sensors,  and  inputs  for  both  the  F and 
Potential  Height  Loss  factors  can  be  measured  from  the  ground. 

3J  Proposed  severity  (actor 

A  reasonable  match  between  Potential  Height  Loss  and  a  severity  factor  for  Headwind  shear  can  be  obtained  by  using  the 
numerically  higher  of  the  shear  gradient  and  the  shear  to  airspeed  ratio.  This  requires  two  shear  parameters  to  be  combined 
with  the  airspeed  of  the  aircraft.  The  speed  change,  A  Vs,  and  the  length,  Ls.  As  Potential  Height  Loss  is  equal  to  the  shear 
gradient  at  large  shear  lengths,  it  Is  possible  to  use  the  height  lots  function  as  a  basis  for  a  severity  factor  X. 

From  the  chotitcteristics  identified  in  this  paper,  X  may  be  empirically  defined  as 

X — 2.2*(— f(H))UJ 


aftt  n 

-He«  f(H)  -  ^  -  «V  A’-H‘ 

H  “  Potential  HcigltLossat  A  ■  l.Om/s* 

H*  -  Actual  IVrtetiiaJ  Height  Loss  for  factor  threshold 
p„  -  Air  density  at  standard  sea  level  conditions 
o  -  Relative  air  density 


1 1  it  frawd  that  that  l*  ■  food  match  w  the sbear/ai rapeed  ratio  for  *X l/4 . Thu*  boundaries  on  be  eijwssied  u 
V{  *  (  AVs/La)  "  AVt/Ts  “  X 

nixj 

AV*/V «— XV4 
A  boundary  Is  exceeded 

IF  VC  (AV*/Ls)  <X.AND  AV* /V 1 « -X74 

The  analysis  of  the  British  Airway*  d»u  In  Ref,  I ,  which  U  shown  In  Fig.6,  suggcvi*  Potential  I  Icighl  Lae**  of  1 0  and  20m  far 
boundaries  between  Moderate  A  Strong  and  between  Strong  ft  Severe  respectively.  Fig. 1 2  proem*  the  variation  of  the  X 
factor  with  Wing  Loading  for  these  boundaries  it  an  available  aircraft  acceleration  of  1.4m/*3  and  abo  2,0m/*5.  Although 
account  mtot  be  taken  of  Wing  Loading  changes,  they  do  not  have  a  dramatic  effect  on  the  Xfactoe. Thu*  it  should  be  possible 
to  u*c  conatant  value*  of  X  to  cover  all  the  normal  variations  for  a  given  aircraft  and  situation.  I  lowc'er  there  i«  a  dramatic 
effect  from  the  Increase  in  available  acceleration. 


Fig.  12  X  Shear  factor  v*  Wing  Loading 


The  clofc  match  between  X  factor  boundaries  and  potential  height  loss  is  shown  in  Figs.1 3  ft  1 4  for  two  very  different  wing 
loadings  of  35W  Newton/m5  and  i 900  Newion/m5  respectively  (The  same  case*  as  FigsA  ft  7).  The  differences  from  the 
potential  height  lots  contours  i* small  and  much  less  than  that  for  the  filtered  F  factor  in  Flg.ll.lt  It  recommended  that  the  X 
factor  should  be  used  to  reduce  the  risks  of  false  alarms  and  missed  detections  Inherent  in  ihc  F  factor.  To  do  this  on  board  an 
aircraft  will  require  the  use  of  scanning  systems. 

4  CONCLUSIONS 

Potential  height  loss  Is  a  major  indicator  of  wind  shear  severity  and  can  be  readily  calculated  for  the  representative  ease  of  an 
aircraft  whose  pitch  attitude  Is  controlled.  Derivation  of  the  equations. and  calculations  demonstrate  (Hg£)  that  the  primary 
factors  in  height  response  to  headwind  shear  are  the  the  squares  of  the  wind  speed  change  in  the  shear  and  the  available 
acceleration  of  the  aircraft,  and- the  cltcar  length.  The  delays  in  pilot  and  engine  response.  (Fig 3)  have  significant  but  less 
dramatic  effects  on  the  potential  height  loss. 

A  general  graphical  relationship  between  wind  shear  and  aircraft  performance  parameters  Is  established  (Fig.4).'l  his  is  also  in 
a  form  which  relates  directly  (o  the  probabilities  of  encountering  various  wind  shears  (Fig.  1 0).  Ills  shown  that  a  potential  height 
loss  parameter  tan  also  be  plotted  on  this  graph  (FSg.51 and  this  identifies  that  the  main  aircraft  parameters  for  categorising 
-  response  to  wind  shear  arc  Wing  Invading  and  available  acceleration.  This  suggests  that  there*  may  wr'  have  been  an  increase  in 
wind  shear  encounters  in  recent  years  because  of  the  steady, trend  to  increase  wing  leading.  Compa>*jn  of  the  potential  height 
loss  contours  with  moderate  ami  strong  wind  shears  analysed  (Ref.!)  front  British  Airways  worldwide  operations  with  11747 
aircraft  shows  a  probable  correlation  (Fig.6)  with  the  potential  height  loss  contours.  Ftg.8  show?  the  contrast  between  potential 
height  losses  for  aircraft  with  widely  differing  wing  loadings  of  3500  and  1 900  Newton/m5. 

The  effects  of  downdraughts  are  shown  to  be  easily  calculated  as  an  uMition  to  any  headwind  shear  by  integrating  the 
downdraught  over  the  period  while  the  aircraft  is  under  its  influence.  Thus  the  length  of  tie  shear  is  particularly  important  and 
the  effects  are  reduced  by  increasing  airspeed. 

The  characteristics  of  the  most  commonly  used  severity  factor  based  on  pseudo  specific  energy  rate  and  generally  known  as  the 
F  factor  are  compared  with  the  potential  height  loss  calculations.  These  show  (Fig.l  I)  that,  even  when  filleted  to  reduce  false 
alarm  tendencies,  the  F  factor  is  a  poor  match  to  the  potential  height  loss.  In  particular  it  will  have  a  significant  false  alarm  rate  in 
response  to  the  shorter  shears  and  will  miss  severe  shears  w  hen  their  length  is  long.  It  is  also  shown  that  the  lack  of  a  shear  length 
term  in  the  portion  of  the  F  factor  dealing  with  downdraughts  will  lead  to  false  alarms  and  missed  alarms.  It  is  also  noted  that  the- 
F  factor  has  not  been  explicitly  identified  with  the  various  aircraft  performance  parameters  snd,  thus,  it  Is  not  possible  to  define 
appropriate  values  for  specific  aircraft  orcbnditicbv  of  (light. 


8-1 1 


■  Li*»th  Li  ■ 


Fig.  13  Comparison  of  Sh«or  foctor  X  with 
Potcntlol  Height  Lott, 

Wing  Loading  **  3500  Nfwtcn/m* 


SN«r  Lsn*ih  Lt  M 


Fig.  14  Compariion  of  Shear  foctor  X  with 
Potential  Height  Lots. 

Wing  loading  «*  1900  Newton/m4 

An  alternative  wind  shear  scvci  iiy  factor  X  il  identified  whkh  has  explicit  aircraft  performance  parameters  and  can  readily  be 
calculated  from  information  on  the  wind  speed  change  andjeneth  ciz  headwind  shear.  It  is  in  the  form  of  a  potential  height  loss 
and  any  downdraught  height  loss  may  be  added  d.VOvriy  to  it,  if  h  is  known.  Figs.  13  A  14  show  that  the  X  factor  gives  a  good 
match  to  the  potential  height  !m*  for  widely  differing  aircraft.  I  lowevcr,  to  use  the  X  factor  with  sensors  on  board  an  aircraft 
requires  :  scanning  sensor.  Point  source  sensors  cannot  produce  information  on  the  total  site  of  a  wind  shear  until  after  it  has 
occurcd.  This  is  too  late  to  help  a  pilot 
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Apyc  ?4>:  Cakuhthm  M  Hdgh<  Oumt  In  rr«p—«»c  t»  a  Shg)«  lump  Headwind  Shear 

The  response  of an  aircraft  m  longitudinal  disturbance*  when  pitch  attitude  is  perfectly  controlled  by  a  pilot  or  autopilot  has  a 
2m)  Otder  Cfcsractct  iafie  liquation  and  the  bade  response  modes  arc  an  almost  neutral  exponential  Speed  stability  mode  and  a 
very  stable  exponential  flight  path  response  mode  with  a  time  constant  of  I  to  2xc  (proportional  to  'Wing  Loading/flight 
Speed).  The  almost  neutral  speed  stability  mode  means  that  the  grotmdspeed  lards  to  remain  constant  ashen  headwind 
changes.  Thus  Headwind  Shear  has  a  direct  effect  on  airspeed.  The  stable  flight  path  mode  means  that  live  aircraft  rapidly 
stabilise*  at  a  tics'  flight  parh  in  response  to  wind  disturbances  and  the  transient*  can  be  Ignored  if  the  event  time  is  much  longer 
than  1  to  2scc.  In  there  circumstances  the  following  bask  assumptfoo*  may  be  used  in  calculating  flight  path  responses 

1.  Constant  pitch  attitude 

2.  Neutral  sp^ed  stability,  ic  only  thrust  changes  affect  groundspeed 

3.  Instant  flight  path  response^)*  Lift  —  Weight 

Csrmpating  lift  at  conditions  where  lire  airspeed  has  changed  by  AV  and  the  Angle  of  Attack  by  An  from  the  datum  at  the^tatt 
of  the  wind  shear  encounter  (t**0)  gives 

2W**pVt:Sa(oJ,--tv)*"f1(Vt+AV),Sa(t«l)+ An—rs,,)  -(I) 

or  -Aa(l+AV/Vt)!«(AVA'lX2  +  AVMXo,r-tv)  "(2) 

where  W  "aircraft weight 
p  -air  density 
Vt  "true  airspeed  at! -0 
V  "change  In  true  airspeed 
S  "reference  wing  area 
a  "lift  curve  slope 
«n  -  angle  of  attack  at  t "  0 
«o  "angle  of  attack  for  tcru  lift 
An  -  change  of  angle  of  attack 

now  ‘S>— «u~Cl/A  —(3) 

where 

Q,"  lift  coefficient  at  t "  0.  -  2  W/pVt!S 
Thus  cqn.(2)  becomes 

An- — (Q/aXAV/ViX  2 + AV/Vt )/( I  +AV/Vt)’  -(4) 

For  small  speed  changes  cqn^i)  approaches  the  more  familiar  form 

An"  —2(Cj/aX  AV/Vt)  -(5) 

but  speed  changes  are  often  large  in  wind  shear  situations  and  the  full  eqn^4)  is  used  here. 

At  constant  pitch  attitude,  6,  the  relationship  between  angle  of  attack  and  flight  path  angle,  y,  Is 

8  "  <»o  +  Yo  *  K  +  Aa)  +  (Yo  +  Ay) 


or  Au  -  -Ay 

I  leight  Deviation  from  the  flight  path  is  given  by 

I 

H  -  /  V.Aydt 


-(6) 


-(7) 


where 

V  — groundspeed- Vt— Vx  +  AV— AVx 

Vx  -headwind at t-0 

AVx  -  change  in  headwind  at  time  t 

(NB  It  should  be  noted  that 

i 

Hi *  j  Afidt 


where  Aft «  change  of  rate  of  climb, 

bccaase  change*  In  gr oumbpeed  without  changing  flight  path  angle  wiU  change  Ah  without  any  deviation  from  the  flight  path) 

Pee  this  trody'  the  initial  headwind  is  set  to  rcro  to  ouhiivh  the  primary  height  low,  W*  can  also  be  a  tcAWnablc 
approslmation  for  many  wind  shears  ooeu.  in  calm  condition*, The  affect  of  an  initial  headwind  '•till  be  to  tedoceany  hctght  low 
to  about  (I  —  Vx/Vt)  of  the  estimated  value 

The  ( AV — AVa)  term  U  abo  ignored.  By  definition  it  is  *ero  for  (hnTa,  then  (see  Fig  I)  the  aircraft  »tatw  to  accelerate  and  the 
term  Increases  to  be  equal  and  oppodtein  dpt  to  the  wind  shear,  A  Vs,  when  AV  reaches  aero  again.  Thu* !  W*  term  will  increase 
the  height  loss  by  apptosimately  (•&Vs/4Vt)  time*  the  estimated  height  lost. 

Thus,  from  cqne(4),  (6)  k  (?)  the  height  change  Is 

s. 

II  -  (Ct.Vt/a)  J  (AVVVt]!2  +  AV/VtVU  +  AV/Vtfdt  -(#) 


where  To -time  when  Ay  **Q(t  »*0) 

Thus,  from  cqnt(4)  &  (6),  To’eorrcsponds  to  AV  -  0  ( t  *»0),  and  is  the  point  of  puudmum  height  deviation  from  the  flight  path. 
If  T*  h  the  tiro*  for  *b*  headwind  *hc*r  to  reach  it*  maximum  of  AV*,  then  opt  (8)  am  be  rearranged  « 

tww 

(Ha/Ts.Vi.C,}  -  (llA/U.Ci)  -  J  (AVAhKS  +  AVA'tyn  +  A\Wt)’.d(l/r*)  -m 


where  Ls  **  wind  shear  length  (-  T*.Vt) 


or 


Jli. 

Ls.Ct ' 


From  Rg  I  it  can  be  shown  that 

AV  .  [  t  \  ,  f:(t/T*)  */T*  _ 

AV*  '\Ts|  (AWA.Ts)  (AW/A.T*)'  ' 

where 

lFi/T* « 1 .0,  THEN  ft(t/Ts)  **  t/Ts,  ELSE  f((t/Ts)  **  1.0 
sutd  IF  t/TsiTa/Fs,Tl  IEN  f;(t/Tj)  -  t/Ts -Ta/Ts,  ELSE  f;(i/Ts)  -  0 

H.a  (a Vs  AW  Ta  t 

ThU1  UCt  "  'I  Vt  '  A.Tt'Ts'Ts 


-00) 


~{UJ 


-(12) 


Non-dimeniionalising  the  various  parameters  has  reduced  the  total  number  of  variables  by  2,  and  considerably  eases  the 
analysis  and  understanding  of  the  problem. 
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ABSTRACT 

In  the  pmt  three  years,  AOCGI'ATIAIi  haa  developed  vlrdabear  warning  and  gul- 
d»r<"  system  for  the  .VUO  aid  th*  MOO-tOO  i  that*  system  in  altbar  nawly 
designed  or  constructed  Around  the  Speed  Reference  System  deslgntd  foe  the  A300 
».n5  exploited  in  revenue  flight  alnee  1975  ;  they  ere  in  accordance  vith  certi- 
tleetion  rule*,  mlnly  AC  75, 12,  end  have  bean  ImteUed  on  board  the  A300-600 
line#  April  85, 

In  today'  •  conference  wo  present  in  the  tint  pert  i  AEROSPATIALE  e  warning  ard 
guidance  philosophy  regarding  the  conventional  AIRBUS,  then  we  enalyee  the  fly¬ 
by -wire  concept. 

The  fly-by-wire  concept  laprovos  the  general  aircraft  il tuition,  »no  ve  tale 
advantage  of  theea  new  capabilities  in  the  warning  and  guidance  elaboration  i 
thie  le  the  theme  of  the  record  pert  of  today's  conference. 

System  will  be  adapted  for  the  A3  20  certified  an!  Ira  tailed  onboard  in  the 
near  future. 

In  the  peat  three  year*  AEROSPATIALE  haa  developed  wind* hear  warning  aril 
guidance  system  foe  the  A310  and  AJ00-600  |  these  aystom.  are  either  newly 
designed  or  constructed  around  the  speed  reference  system  dasignaS  for  the  A3 00 
aid  exploited  in  revenue  flight  alnce  1975  j  the  new  ayetem  are  in  accordance 
with  the  certifications  rules,  mainly  AC25-12  and  have  been  installed  on  board 
the  A300-600  eince  April  85, 

In  today* e  conference  we  shall  present,  in  the  part  A  i  AEROSPATIALE  e  war¬ 
ning  end  guidance  philosophy  regarding  the  conventional  AIRBUS,  then  In  part  D 
we  shall  analyse  the  A350  Fly-by-wire  concept  and  winds  hear  warning  and  guidan¬ 
ce  adaptation 


A-  AIRBUS  WND6UEAR  KARMIC  AMD  CUIOAICE  SYSTEM  FCK  OOHVEinTCKAb  AIRCRAFT 

A.  1-  Wlndehear  Ouldance  Strategies 

Analog  MW  t  ani  digital  A3 10  •  aid  A300-000'  ■  (ARCS  atandarda  5-6-7)  have 
e  very  well  known  end  similar  SRS  guidance  law  (Basic  1975  situation). 

Fro*  our  experience  we  confirm  that  thl*  strategy  is  precise  enough  to  sur¬ 
vive  neny  shears.  In  sow  strong  shear  cases  It  is  however  coexisted  by  an  CEB 
(Operator  Engeneering  Bulletin)  procedure 

Safetywiae,  analog  and  digital  system  also  coeply  with  AC  25-12. 

The  basic  Airbus  Wlrdshear  guidance  is  satisfactory  but  can  be  irproved. 

He  therefore  defined  a  fully  adaptive  system  that  is  able  to  cope  with 
strong  shears  without  any  special  procedure  (coopered  to  the  baaio  system). 

Initially  ve  triad  to  develop  an  optical  guidance  system  but  ws  very 
quickly  reached  iapceslble  solutions  i 

First  i  optimal  procedure*  really  are  different  from  one  shear  to  another, 
in  some  cases  the  system  initially  even  deMids  diving. 

Second  i  guidance  is  really  optimal  if  we  have  full  knowledge  of  the  whole 
sheer  pattern  before  entering  it. 


Third  i  Hileh  in  fact  it  tha  ucfcluslon  of  the  second  point  tin  any  shear 
enrountec  er.  optical  guidance  iyetea  it  *  brt  on  the  future. 

roc  all  t base  reasons  v»  developed  t  repetitive  and  adaptive  survival  ttr»- 
tegy  (Figure  l)  adapted  to  til  perforaenc*  problsa*  in  typical.  shear  condition*. 

The  *y*ta»u  is  derived  f«w  the  MOO  SfS  System*  (flour*  a)  improved  by  a 
vertical  ap**d  floor  proMctlen,  V*Jn  protection  and  staAl  protection, 

ThU  Control  law  are  urea  th*  Survival  atrnegy  (Figure  3)  whatever  th*  lon¬ 
gitudinal  or  vortical  shear  stressing  th*  aircraft  capability  in  t»>.*-o!f  or  90- 
around  conditions. 

7h*  Control  lav  itgdeawnttd  in  th*  PCCs  SW  uka-off/go  arourd  rod*  1* 
avail  tbit  with  tha  flight  director,  cws  or  coward  rod*. 

In  shear  condition  and  when  th*  »h*«c  intensity  atrewse*  the  aircraft 
capability,  the  fBS  law  will  progressively  adapt  it*  control  to  a  survival 
strategy  (»**  figure  2  tnd  3)  > 

I*  The  Beale  vote  (ll'l)  will  control  airspeed  (Vael-iOKt)  with  a  vertical 
speed  decreasing  to  taro. 

J-  ttat*  M'l  than  qvuxLA**  vota  M’l  and  eoawarda  a  a  lightly  poaltlv*  ver¬ 
tical  epaed  with  an,  alrepaed  daoreaalng  to  V  stick-shaker  plua  a  small 

3-  Vota  N‘S  than  override*  vote  N'3  and  vota  N*l  and  control*  airspeed  at 
Via -A  Altitude  vlU  be  reduced  until  the  ahaas  dacreaaea. 

Whatever  the  ccrmrded  strategy,  the  pitch  attitude  demand  1*  United  by  a  atall 
protection  to  avoid  any  impending  atall  situation. 


A.  I-  Airbus  Cut  dance  Situation! 

The  aoat  severe  shears  proposed  In  AC  >30.41  vlndfield  model*  were  slrotla- 
ted  in  the  tabs -off  phase  both  ulth  the  initial  A300  SR3  ayatam  and  with  th* 
newly  developed  wlrdahaar  guidance  cyeten  (called  here  control  of  aircraft’  a 
energy). 

Owparlng  figure*  f  and  5  we  conclude  that  the  new  aystaa  really  doe*  la- 
prov*  the  situation  but  that  the  Initial  A3 00  CAS  uea  already  vary  offset! v*  in 
this  capability  to  cope  with  e  real  encounter. 

Figuree  6  and  7  esphailso  the  advantages  presented  by  tlw  new  system  in 
theoretical  ahaac  condltlont  1  an  adapt! va  control  law  maintain*  the  aircraft 
lnelde  tlie  operational  flight  envelope  and  uaae  wxlrus  airplane  capability  to 
achieve  this. 

The  control  lew  has  been  lapleaented  in  the  MOO-COO  AFCS  sines  A/C  Gadal 
tteber  430  and  for  the  M10  it  will  be  lsplamanted  early  in  t?.  In  principle  the 
control  law  is  available  for  retrofit  in  all  aircraft  on  tha  digital  fleet. 

Froa  alaulatlon  experience  w*  taw  that  for  taka -of  C  with  derated  power  or 
for  the  landing  case  a  successful  ms  cap*  manoeuvre  tan  be  accomplished  If  e  iwx- 
pcwer  or  90- around  decision  It  mad#  promptly  upon  entering  the  sheer. 

Tills  remark  Is  juat  to  focus  on  tha  absolute  need  for  a  tool  to  trigger  the 
crew’  ■  decision-caking  process  to  initiate  escape. 

Kirdthaar  detection  can  provide  this  valuable  help  ;  but  what  do  we  have  to 
detect  or  not  detect  7  Whet  nuisance  warning  level  should  we  reach  to  maintain 
an  acceptable  level  of  crew  confidence  with  regard  to  the  warning  7 

All  these  aspects  wen  born*  in  clrd  when  defining  ar.  Airbus  winds  hear  war¬ 
ning  philosophy  from  in-flight  incident/accident  analyses. 


A.  3-  Airbus  Vttndahear  Warning 

Airbus  targets  (Figure  0)  enhance  AC  25-12  advice  in  detection,  non-detec¬ 
tion  and  performance  nuisance  warnings. 

An  svldant  design  philosophy  with  regard  to  the  warnings  was  to  define  a 
wind  severity  factor  coeputation  (ST), 


4  EnarffV  .  Maight  |  Ct*-AL»pted  X  d  Wr  «  g.W*  | 
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Cbvieusly  tide  reflect*  the  iniununecu*  lc*a  of  energy  do*  to  th*  global 

•hfAC  (lC<VjttU-i  Ml  &  V*ttiC*l)  If  sr  >  Q 

Vx  1 longitudinal  wind  {<  0  IF  headwind) 

Wr  *  vertical  wind  (<  0  If  dovn) 

Cte  *  fwsiUon  o£  A/C  propulsion  aid  a*miyr»«ie*  (typical  oi  each 
iiiylarw) 

g  *  gravity  acceleration 

sr  4  could  be  filtered  a.M  (.ospatxd  to  a  fixed  threebold  oi  3.5  Kta/rec  oc 
a  IJg  typically 

This  conventionally  adopted  solution  wax  however  rapidly  abandoned  cuing  to 
a  high  l«v«l  oi  nuiaance  warning*. 

Wind  variation  knowledge  is  in  fret  th*  only  parameter  for  a  shear  interel- 
ty  ft  valuation,  but  it  can  never  ba  th*  uni  qua  it*a  oi  lnforw»tion  In  a  wink  bear 
warning  without  duly  taxing  the  aircraft  energy  situation  into  account. 

Windheear  Warning  computed  without  nonsidsring  prwant  aircraft  entrgy  vlU 
lead,  in  certain  cum  oi  shear  account ar,  to  vary  aarly  warnings  (tha  crew 
should  identify  the©  at  nuisance  warning*)  or  too  lata  warning*  endangering  an 
cm  cap*  Manoeuvre, 

A  good  crow  confidence  level  and  a  aatiafactory  escape  manoeuvre  capability 
dan  loth  ha  achieved  by  a  wind*  hear  warning  aa  a  ism  enable  cc*prmlae  between 
•rr,  actual  aircraft  energy  and  a  »»fe  adnlaua  energy. 


A.  <-  wind  Shear  Warning  (WSV)  computation  Principle 

The  WSV  it  activated  when  the  predicted  aircraft  energy  i>  below  a  prede¬ 
termined  minium  energy  threshold  (Figure  9). 

flit#  threshold  coma  ponds  to  etili  eirO^floor  protection  according  to 
Flap  and  Slat  position. 

C\  '  •  o( *  C^v  i»  the  predicted  aircraft  energy. 

The  predicted  aircraft  energy.depend*  on  o{ which  la  obtained  con* id* rim 
filtered  angle  of  attach  (A0\  orC$  corr** ponding  to  the  present  aircraft  energy 
situation  increased  by  equivalent  angle  of  attach  (MtlMtes  (r.  mda.  EJQj'W. 

o(v  la  an  estimate  of  the  energy  loir,  fore* sable  in  the  roar  future. 

liote  than  the  higher  the  ACM  (0 {)  the  lower  the  eei?»l  alrcaft  energy,  and 
the  higher  the  E.  ASA.  E  (0(w)  the  higher  the  future  Ices  of  energy. 

/v  is  obtained  by  a  combination  of  egulvalerrt  angles  of  nttacX  estimate*  i 

o(w  «  a  •  d  «  tb-c)  if  a  >  0 

e  -  is  the  E.ACM.E  due  to  lnstantan*ou*  tailwiid  *l>ear 

b  -  is  a  memorized  E.  ADA.  E  of  the  recent  headwind  (hear 

Generally  a  atrong  headwind  1*  precursor  of  a  strong  decreasing  shear 

e  -  is  an  E.  AM.  E  decrease  according  to  the  mean  wind  observed  in  order  to 
alleviate  nuisance  turbulence  warnings 

d  -  is  an  E.ACM.E  related  to  the  observed  vortical  downward  wind. 

n.  b  c.  d.  E.  AM.  E.  •  s  cannot  bo  negative 
b  minus  c  cannot  be  negative 

This  wind* hear  warning  mechanise  is  schematised  on  figure  10. 

Xn  eroaa  I.  IX  and  III,  E.  ACM.  E1  a  are  computed  but  0^*  is  Identical  to  ACM  since 
a  ■  o  (no  tall  wind  shear). 

o(*  combine*  ACM  and  W  In  area  IV  when  vertical  wind  becomes  negative  ;  d  >  0. 


In  are*  V  Q^H  InersMM  whan  tailwind  »h*»r  appm*. 

In  thit  CM*  th*  vsatnrwhald  it  reached.  It  could  Uvi  Kha  reached  in  uu  IV 
if  vertical  winl  intermit?  had  b**n.  higher.  Similarly,  i’.  owid  also  h*v*  Swc 
reached  in  are*  V  with  taiMrrf  »b**r  depending  on  abear  Intensity. 

Simulator  experience  *hoM*  that  ahorply  altar  lift-off  bale*  ISO  ft  it  i«  uiaful 
to  trigger  th*  >«v  according  to  th*  UU  a  hear  foe  th*  cm*  ofa  imU  margin 
nmpect  to  1,1  V*.  Foe  clarification  purpoae*,  thi*  function  i*  not  ahsun  on 
thw*  figure*  tut  i*  alwuld  he  born*  in  Mini  that  fro*  lift-off  to  ISO  ft,  NSW 
c*n  occur  froaCt*  or  fro*  tin  a  bench  only,  compared  to  a  a  mailer  the** hold  if 
Ve  <  1,2ft  *  4  Xt, 

K  3-  Nrfot*anc*  Iteml  tig 

A.  5. 1-  pmrfgrmancm  Huiaanc *  Rtrnlng 

»•  ccemldeted  both  uSoR  SSSnSnunK  .mm  hit  v*  an  irr*ntienaUy 
limiting  out  evaluation  hara  to  tb*  moat  diaturbing  cat*  for  air  traffic  »nl 
aircraft  utilisation  i  the  landing  cm*, 

brisanco  earning  probeMUty  par  approach  had  bum  evaluated  by  simulating 
500  automatic  landings  In  Sever  win!  conditions  up  to  40  KU  according  to  fC 
10, 47  A  advice  (automatic  landing  performance  evaluation).  hMult*  ara  plotted 
on  figure  It. 

ttaitanca  ouroinj  probability  par  approach  for  Mrbu*  wtndahaar  u»rrdng  i,nd 
for  tha  ecwranUeoal  uinJahear  warning  (proparly  filtered  •SF*  by  e  a*  lag 
ra  fared  in  section  3)  are  compared  in  figure  II. 

Ue  remind  the  reader  that  a  convent! oral  vindahear  vanning  lead*  to  a  nui¬ 
sance  level  of  10-3  per  landing  with  a  noc*m*nM  three  hold  of  0. 13  g  or  1. 5 
Xta  sec.  He  alto  ncta  that  the  Mrbus  wind* hear  warning  laoda  to  a  nuisance 
level  of  10-8  per  landing  with  lta  itple—nted  three  hold  of  11. 4*.  It  la  inter** 
ting  to  r*M*ber  here  that  the  OS  in  tervlce  obearved  utndahear  probability 
encounter  i*  about  10-5. 

i.5.1-  itotmsl  performance  warning 

the  Mrbue  USX  will  alert  the  crew  after  an  initial  loti  of  longitudinal 
airspeed.  the  doaer  the  a  alec  ted  tire  peed  to  1.3  V*  the  aaallar  thi*  Initial 
loe*  before  the  Mining  la  triggered  (Figure  13). 

Mrbut  NSW  wnely  alert*  the  crew  but  ha*  ro  activity  on  throttle*  or  go- 
around  rod*,  the  crew  will  decide  according  to  the  aituation  to  purtua  or  to 
abort  vhen  landing,  or  to  trigger  wx  power  or  not  at  taka-off, 

Officer  protection  It  maintained  on  Mrbut,  it  it  the  ultiwte  protection  if  the 
crew  underestimate*  the  aituation  at  NSKOfFlfJOR  protection  give*  automatically 
the  Aill  throat  if  aircraft' a  energy  la  balow  a  aaf*  Uvel. 

For  a  wirdahaar  encounter  cm*  th*  general  aituation  of  M'rbua  NSW  an) 

CK  FlCOt  are  plotted  on  figure  13.  On  can  notice  th*  remaining  energy  margin  at 
NSW  and  at  CXFtfX*. 

In  caa*  th*  {>i lot  wrongly  aclacta  too  low  a  apeed  (1.24  V*  for  exaagdo 
autothrottle  CfT)  tindC,  FUX*  will  in  lom*  cmm  of  shear  condition*  intervene 
before  the  warning  ltaelf. 


A.  6-  Mrbua  NSW  and  Cui dance  Implementation 

Tve  NSW  la  implewnted  in  dual,  aural  and  viaual  warning*  can  b*  tMted  on 
the  ground  with  the  englnM  rot  running  (Figure  If).,  In  cm*  of  ahtar  encoun¬ 
ter,  aural  warning  i*  activated  and  a  red  viaual  uindahaar  aaaaage  dia played  on 
each  Pm  Warning  can  b*  activated  at  taka-off  from  lift-off  to  1.000  ft  and  at 
landing  from  1. 000  ft  to  50  ft,  the  viaual  warning  will  remain  for  a  minimum  of 
15  a. 


Th*  ganaeal  architecture  ia  given  on  figure  IS. 
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a-  WiKMOAR  KVKQIC  wo  cuinwce  WUmTICW  TO  WE  M:3  n.t-tet  W!M 

SSM - - 

E. 1-  Fly-By- Ml re  advar.t age# 

IhanU  to  It*  original  definition  the  tty-by-Hire  concept  tirer.  developed 
for  the  MJo  «*r*srelal  airplane  provide#  the  com  with  advantages  in  order 
to  cepe  cuccess fully  with  »  shear, 

w«  mainly  not#  ■  pitch  attitude  protection,  full  (tail  protection,  chon 
term  flight  level  hold,  const-ant  atlek  force  pet  9  vCuteiur  U, 

Wei*  Min  threads  considerably  inert**#  flight  c-afaty  thooghout  th#  flight 
envelop#  including  *h*«r  encounter, 

TO#  interesting  capabilities  of  th#  1130  ere  associated  vith  l*pl amenta ti on 
of  th#  tide  stick  (Figure  16)  vhoe#  characteristic*  ere  receded  here-altet 

A  Fly-by-Mira  aircraft  ie  stabilised  on  ell  three  exes  enl  side*  tick 
control  input*  are  only  required  to  change  th#  flight  path  end  not  to  maintain 
it. 


Fitch  control,  which  is  the  rein  concern  for  this  piper  is  shown  figure  17. 
rilot  orders  ere  electrically  crarefered  to  th#  control  surface*  by  cotputere 
TO«*e  digital  computer*  are  designed  to  control  longitudinal  aircraft  notion 
according  to  pilot  sldestlck  orders  through  th#  C‘t*w  in  normal  flight. 

Side  stick  fore*  is  constant  in  th#  whole  flight  envelop#  and  th#  C'lau  has 
th#  following  Min  feature*  t 

-  load  factor  demand  associated  vith  load  factor  protection  according  to 
th#  aircraft  configuration  (->  *3,  Sg  in  clean  configuration  0*2g  with  flaps 
e -tended). 

-  Autotrln  function  and  neutral  stability  witMn  th#  normal  flight  envelope 

-  Shore  ter*  platform  stability 

-  Aircraft  response  almost  unaffected  by  speed,  weight  or  center  of  gravity 
location 

-  Bank  angle  compensation  up  to  33'. 


n.  3-  Fly-by-Mire  protections 

As  today*  s'  presentation  1*  Halted  to  shear  encounter,  we  shall  just 
provide  a  brief  reminder  of  the  A320  Longitudinal  Low  speed  protection*. 


8.2. 1-  Pitch  attitude  limitation 

TO  enhance  the  effectiveness  of  angle  of  attack  (ADA)  protection,  in 
extreme  conditions,  one  parameter  can  easily  be  limited  <  attitude  angle  (6) 
(figure  It). 

Tld*  limitation  is  only  a  part  of  the  basic  CLaw  which  starts  to  reduce 
the  pilot  order  S  degrees  below  Omex. 

TOvre  limits  are  IS  degree#  pitch-down  aid  15  degrees  pitch-up  within  the 
whole  flight  envelope  except  in  very  low  speed  where  the  pitch-up  demand  limit 
is  reduced  to  22, 5  degree#.  Tomb  limits  are  more  than  enough  to  provide  the 
pilot  with  exgde  manoeuvre  capability  even  in  axtrene  conditions.  Tills  limita¬ 
tion  ie  very  doe#  to  the  stall  protection  specially  included  in  conventional 
aircraft  shear  guidance  Lav'-as  explained  before.  But  in  the  Fly-by-Mire  system, 
this  protection  can  be  automatically  activated  not  only  in  the  shear  escape 
manoeuvre  but  in  the  whole  flight  envelope  whatever  the  piloting  process. 


8. 2. 2-  High  angle  of  attack  protection 

Protection ; against  stall  without  penalizing  aircraft  manoeuvrability  had  al 
weyu  teen  a  deep  concern  for  handling  quality  engineers  (Figure  19), 

It  Is  clear  for  th#  declgnar  that  angle  of  attack  control  provides  a  real 
protection.  The  potential  offered  by  Fly-by-Mire  is  •  real  advantage  for  feed 
beck  of  that  function. 


■R*  A32Q  AOA  protection  law  c ffsts  t  dynamic  an)  static  stability  ecmpensa- 
tlco  U  Jew  speed,  in  the  limit*  of  the  flight  envelop*  providing  *  tint  » tick- 
fix  protection  i 

-  manoeuvre*  in  normal  ip«d  1m  of  Interference 

-  »ircr» It  protection  sgein*  stall  in  dynamic  *.wm  or  shear  escape 

-  high  Cti  flight  with  mJoquate  wU  menoeowshUlty 

-  1-0*4  factor  demand  »n4  C ‘Uu  feedback  are  Still  coated  even  in  AOA 
protection  In  otder  to  Unit  elevator  4att.nl  whatever  the  tint  Hal  tat!  on  ac¬ 
tivated  w>}'.«  of  attack  or  load  factor, 

This  principle  1*  very  similar  »  the  thin  protection  in  a  conventional  ale 
craft  ahear  avoidance  control  law,  fcutlt  U  effective  in  the  whole  tU  >.t  en¬ 
velop*  an!  dee*  not  need  special  pilot  training  for  the  A320. 

MA  protection  1*  fully  automatic  owing  to  fly-by-Min  capabilities  an)  ia 
available  whatever  Ute  pilotin’;  precase  t  It  should  be  ret *4  that  if  AOA  protec¬ 
tion  Is  reached  when  the  autcpUot  is  cn,  the  autopilot  if  automatically  discon¬ 
nected  but  the  night  director  leettint  controlled  by  the  unchanged  control  law. 


a.  3-  Piear  escape  cowtwl  law  adestatlcn  to  fly-by-Klre  concept 
figure  25  tFW  Guidance  Lew) 

Rve  initial  ahtar  guidance  (SK)  control  law  previously  developed  for 
convent! oral  aircraft  can  be  simplified  <Mnj  to  the  fly-by-vlH  edvantage* 
developed  above. 

firstly  t  pitch  deso.nl  Halt  (stall  protection)  included  in  raw  is  rot  ne¬ 
cessary  In  the  Flight  director  control  lew. 

Secondly  ■  Win  control  ia  superseded  byf/wet  control  j  although  the  flight 
parameter  It  not  the  las*  the  reeultlng  energetic  situation  la  equivalent  ■  the 
aircraft  can  be  control ed  within  its  maximum  capabllitie*. 

Third  ■  However  one  recoswendaUcn  la  necessary  i  whatever  the  control  law, 
an)  mainly  CSS,  the  crew  has  to  follow  the  flight  director  bar  demand.  In  the 
shear  encounter  cue  the  crew  does  not  have  to  pull  the  stick,  fully  beck  1  me¬ 
diately  i  the  pilot  will  follow  the  ro  demand.  AOA  protection  will  be  automati¬ 
cally  activated  at  the  enl  of  the  escape  manoeuvre,  if  necessary, 

In  such  shear  encounter  case  the  flight  director  display*  a  pitch-up  demand 
impossible  to  achieve  even  with  the  stick  fully  beck. 

The  survival  strategy  achieved  by  the  A320  control  law  is  equivalent  to  the 
strategy  defined  for  the  conventional  aircraft,  the  sain  difference  being  the 
fully  automatic  protection  when  flying  Vain  on  the  A320,  Thla  help  in  extreme 
conditions  con  be  considered  to  bo  on  important  increase  in  the  flight  safety 
whatever  the  crew t  skill.  The  A3 20  winds  hear  guidance  control  law  it  implemen¬ 
ted  basically  from  first  delivery. 

E.  4-  Winds  hoar  Warning  Adaptation 

The  fly-by-Wiro  system  alcoa  doe*  not  juetify  a  modification  of  the  conven¬ 
tional  energy  level  of  the  uindhstor  warring.  The  flight  safety  margins  of  the 
A3 20  are  defined  in  exactly  the  same  wey  as  for  conventional  Airbus  for  take-off 
and  for  larding.  However  for  landing  a  special  speed  control  ltv,  specifically 
defined  an)  patented  for  Airbus,  allows  the  A3 20  to  fly  with  an  increased  flight 
safety  margin,  mainly  in  n  sheer  encounter  case.  This  specific  apeed  control  1* 
called  autospeed  or  ground  speed  min  or  managed  speed. 


B.  4.  1-  Managed  speed  principle 

According  to  Captain  Jack  BUSS,  (ground  speed  nin  principle  (figure  21)) 
the  aircraft  engine  power  demand  will  be  associated  with  the  airspeed  target 
minus  present  airspeed  or  the  ground  speed  target  minus  present  ground  speed 
whichever  is  the  greater. 

This  principle  smoothes  engine*  rating  variations  an)  pitch  attitude  modi¬ 
fications,  increases  flight  passengers  comfort,  allows  s  batter  glide  slope 
control  (ground  slope)  and  increases  airsposd  margin  when  entering  a  shear. 

An  example  of  ground  speed  min  benefits  is  shown  on  Figure  22  23,  24  where 
a  real  automatic  landing  performed  during  flight  tests  without  ground  speed  min 
control  ia  siaulated  again  using  ground  speed  mih\nonc*pt. 

A  comparison  between  figure*  23  end  24  clearly  shows  the  advantages  asso¬ 
ciated  with  the  managed  speed  principle  i  advantages  for  pass sogers  comfort, 
lower  pitch  variations,  lower  tnglnt  ratings  variations  and  advantages  for 
flight  safety  (increased  stall  margin). 
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Kvnmged  speed  ll  basically  isgdemented  en  the  MSft.  Speed  can  be  managed 
automatically  by  the  autothrettle  function  .w  menially  by  the  ersw  by  following 
the  airspeed  bog  Assartl  an!  speed  u*nl  vector  displayed  co  th*  rrimary  flight 
display. 

WuwgwJ  speed  Is  not  the  only  speed  control  possibility  (or  lanling.  The 
crew  cm  select  tht  classical  coostsr.t  sinpeed  control  or  tbs  managed  speed. 
Kanfeged  speed  is  advised  by  rcOK  especially  in  shear  condition. 

I!  Or  csw  selects  tbs  classical  constant  aiwpMd  control,  the  MM  stall 
margin  U  equivalent  to  the  conventional  aircraft  oargln  and  tbs  virdhsear 
warning  setting  remains  identical,  fiy-by-Wlre  airplane  or  net. 


8,  4. 1-  Wlrdsheac  warning  adaptation  to  managed  speed 

to  explained  on  figure  :i,  Ntugd  speed  increases  the  aircraft  Mnetic 
energy  automatically  when  entering  a  shear  mainly  in  a  down  bust  encounter  be* 
cause  the  precursor  phene**! non  of  a  dew  burse  is  a  large  head  win!  increase. 

being  so  managed  speed  avoids  a  throttle  reduction  allowing  an  airspeed  in* 
crease  before  the  tall  win!  appears  but  it  the  vindabeac  warning  threshold 
remains  identical  to  the  thresholds  developed  tor  constant  airspeed  control,  the 
crew  will  b«  alerted  later  in  the  shear, which  is  rot  a  good  solution  tor  coping 
cueewa fully  with  Uie  shear  in  an  escape  manoeuvre. 

In  order  to  earn  maximum  benefit  troa  the  managed  speed  principle,  wind* 
shear  warning  thresholds  will  be  set  to  a  higher  minisum  energy  than  tor  cone* 
tent  airspeed  approach. 

the  nuisance  performance  verning  level  will  remain  equivalent,  but  survival 
capabilities  will  be  improved  according  to  the  Increased  sdnisun  energy  when  Urns 
warning  occurs. 


c-  oonausicn 

Winds  hear  warning  and  guidance  system*  are  certificated  for  the  M10  an) 
MOO-COO  and  are  available  for  retrofit,  the  improved  analog  MOO  system  it  in 
development  and  la  planned  tor  certification  in  early  1950.  the  MJQ  winds  bear 
vanning  la  at  the  final  development  stage  ard  certification  in  planned  tor  the 
aecond  part  of  1969  again  increasing  flight  safety  for  the  Mr  bus  winning  breed. 
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in  4  previous  paper  fUef.EO)  *?  S*«  described  is*  deveiepnent  «f- <*  flight  tost 
facility  in  hsrtngaU  support  (ten  AS AIM,  HX  Is  the  Met herland*  sod  Mraonscheelg 
<S?|»sraj{y  Is  Cfersss?.  7ht»  refeteace  mentioned briefly  gene  ef  the  research  projects  (or 
*Mch  the  facility  eoaltS  4#  Initially  used.  including  seeae  ether#  studies  In  non-llneer 
pitch  nubility  and  alrerait  response  ta  atnatpherie  dletefbaatee.  The  purpose  ef  the 
present  neper  is  to  discuss  In  non  Retell  the  flight  nechanical  theory  which  an derlies 
there  research  prejemi  tke  to nrarisen  ef  theory  »1 eh  (tight  test  data  mill  here  to 
goal t  che  availability  ef  ttm  CIS, t  HZ  deleter  alreraf i.  which  is  at  present  already 
her  ell  scorers  installed  Sot  is  still  undergoing  fine'  chech-SBE  »f  inftreeeacaiien 
reds-  the  present  theory  starts  «u*  the  pressmans*  sf  a  staple  aircraft  model 
describing  pitch  stahl lity  far  flight  along  a  constant  tilde  slope*  isHnjt  into  account 
tie  phage id  tut  big  acting  the  short  period  m*«te.  The  retfel  is  solved  to  tint  pitch 
centre!  las*  (or  t»s  preplans t  (1)  the  sen-linear  prihleo  of  taping  *#  aircraft  on  a 
constant  glide  slope  is  still  air  starting  fron  a*  arbitrary  tfititai  velocity*  possibly 
for  fetter ed  iron  toe  steady  flight  xpeedst  til)  the  llreerlced  problem  of  keeping  a* 
aircraft  on  a  constant  glide  slope  1 a  tie  presence  of  inngltsdtnel  aad-reriital  minds 
ef  peak  velocity  up  is  lit  of  tie  aircraft  velocity.  which  provide  a  representation  of 
a  naderately  strong  etadshesr. 

list  or  ty*bou 


a 

b 

C 

r 

f0. 

I 

i 

n 

0 

r 

i 

l 

« 

V 

4 

«0 

r 

r 

1 
y 

o 

R 

5 
T 
U 

H; 

f- 

u* 

y 

¥0 

v? 

v; 

t 

y 

2 


6 

h 

A 

u 

0 

e 

*0 

°r 

0* 


coefficient  (la)  (a  total  force 

"  (tb)7(13a)  tn  total  lores 

"  (8e)*(l3b)  * 

perturbation  ef  eroaad  speed  (21*) 
coefficients  la  ihrutt  Us  (6) 
acceleration  of  gravity 
coefficient  for  induced  drag  (4) 
leagthscalc  of  ulndsh*er  {29.30} 
sots  of  aircraft 
perturbation  of  airspeed  (27a) 

"  of  inctd*ece(27b) 
lengthicale  for  stability  (47a) 
li«* 

wind  coepeneni  along  lb*  flight  path 

*  transverse  lo  flight  path 
discriminant  In  (38*. b) 
drag  coefficient  (3) 
for*  drag  corfft<t«m  (A) 
lift  coefficient  (2) 
drag  for«  (3)8(5) 

total  dlnensientes*  fare*  along  flight  pith  (7) 
lift  fore#  (2) 

dlncnstenless  perturbation  of  groundspeed  (31) 

"  “  -  Airspeed  (32) 

*  *  "  tnetdoneo  (33) 

reforest*  area  C2) 
thrust  (1) 

ground  speed  In  tint  *tr  {}} 

tnlttal  ground  speed  (41) 

ground  speedsfor  steady  flight  (38a) 

ainifiu*  drag  speed  (39b) 

grouadspeed  for  steady  horttonUl  flight  (11) 

"  la  the  pres»ace  of  wind  (14) 
ratio  of  groundspeed  to  stntaua  drag  speed  (49a) 

”  "  initial  groundspeed  to  ainiaua  drag  speed 

"  "  steady  flight  speeds  to  ntaiouK  drag  speed  (50*. b) 

airspeed  in  the  presence  of  utnd  (15) 
distance  along  flight  path  divided  by  wlndshear  scale  (34a) 

"  "  *  *  "  6  lengthseale  for  steblllty  (44a) 

tine  divided  by  tlaescale  for  stability  (48b) 
glide  slope  angle  (Figure  1) 
correction  for  non'"elliptic  loading 
angle  of  airflow  relative  to  flight  path  (16) 
coefficient  of  asysaetry  of  lift-drag  polar  (4) 
aspect  ratio 

wtndshoar  susceptibility  paraaeter  (34b)I(35) 
aass  density  of  air  (2) 

angle  of  Incidence  relative  to  angle  of  xero  lift 
initial  eagle  of  Incidence 
angle*  of  incidence  for  steady  flight 
angle  of  Incidence  for  steady  horlxontal  flight 
*  *  "in  the  presence  of  wind 


5 
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angle  of  incidence  for  ciniaua  drag 
iimt  seal*  for  stability  (*lb) 
distant*  along  flight  path  (Figure  I) 
coefficient  to  (22)  and  (23) 


§1  «  Introduction 

H  is  veil-tnews  that  to  aircraft  flying  fa  still  air  fa  a  constant  glide  slope 
has  ty a  steady  (light  speeds,  one  U.  stable  sad  site**  the  U«>Uad  the  «tni»v»  drag  speed 
y«d.  and  the  ether  tf,  unstable  sad  bale*  U-<U«d  the  drag  speed.  H  an  aircraft 

is  pat  la  *-dtve  at  a  velocity  distinct  fro»  tM  steady  flight  speeds,  sad  if  the  stick 
is  lest  fi**4.  it  will  eater  •  phwgeid  mien  t?»3j.  *Meh  eftthenges  periodically 
LSsetto  4»d-P9teati*l  energy,  la  the  preseat  p*#*r  *e  will  consider  the  Inverse  problae. 
vtx.  finding  the  push  control  lav  which  wtll.»*astly  coapansat*  the  phoeotd  a#d*.  by 
taepfne  the  aircraft  on  e  straight  flight  e*th,  for  srbltrsry  Initial  velocity,  oven  If 
ft  is  fer  reMted  froa  the  steady  flight  speeds. 

This  problea  t*  of  prattcal  interest  fa  *  variety  of  sitastioas  such  as:  (Preble* 
A)  at  aircraft  flying  horlaenialljr  spots  *»  objective  of  interest,  sad  dives  to  track 
ft  accurately.  The  dive  will  aosl  litely  hste  started  *t  s  Telocity  distinct  Iron  the 
stable  steady  flight  speed,  end  it  will  fes-osCeSsarjrto  vs*  pilch  control  to  ke*p  on  * 
constant  glide  slope.  If  the  initiel  velocity  it  far  rcsoved  fro*  the  steady  flight 
speed,  the  pitch  control  la*  will  be  non-linear,  and  one  problem  «e  will  consider  (in 
Part  111)  is  iu  detorainuiaa,  this  Piich-cchirol  Uw  »lle*s  the  iircreft  velocity  to 
stabilise  on  a  cohsUat  glide  slope,  for  thc-aost  accurate  store  delivery. 

Soother  Situation  (Probien  8)  in  which  it  is  necessary  to  t*ep  »  constant  slide 
slope,  it,  of  court*.  the  approach  to  land.  In  this  cate  the  proceeding  control  law 
Indicate!  ho*  *  constant  gilde  slope  can  be  aalnvalned  fer  an  aircraft  starting  an 
energency  landing  at  an  airstrip  of  opportunity,  froa  an  Initial  velocity  which  «ay  be 
different  fro*  the  nsraal  approach  speed.  In  a  acre  normal  scheduled  approach  to  land, 
the  aircraft  starts  *i  a  steady  speed,  but  may  be  perturbed  froa  It  by  longitudinal  or 
vertical  winds,  e.g.  In  a  wlsdihear  (Problea  C).  In  this  latter  case  the  shugold  aodo 
is  Induced  not  by  initial  conditions  (as  In  Preble*  A  end  I).  bus  rather  by  ataospheric 
winds  (Problea  C).  but  an  adaptation  of  the  sane  aircraft  aodol  (Part  I),  will  also 
determine  the  Pitch  control  law  for  wlndthear  ceapeasatlon  (Part  It), 


Pert  T  -  Kasheaeitcai  model  of  aircraft  for  non-linear  pitch  ntab  ..ty 

The  determination  of  the  pitch  control  la*  for  enact  conpensatloa  of  the  phugold 
•ode  fodecifl  by  wlndshears  (part  31)  or  by  Initial  conditions  (Part  111).  Is  hased  on 
the  sane  aircraft  model  which  Is  presented  first  (Part  1).  V«  edopt  the  slnplesl 
aircraft  nodal  (52)  which  accounts  for  non-linear  stability,  so  that  It  beeones 
possible  (53)  to  obtain  analytical  solutions  both  for  flight  In  moderate  winds  and  for 
non-linear  stability  in  still  air. 

S3  •  Aerodynamic  low*  for  lift  and  drag  and  thrust  characteristic 

Vo  consider  (Figure  I)  an  aircraft  flying  along  a  constant  glide  slope  y,  acted 
upon  by  Us  weight  V.  the  aerodynaolc  lift  L  and  drag  0.  and  the  thrust  T,  which  we 
assvne  to  lto  along  the  flight  path. Vo  denote  by  €  the  distance  along  the  flight  path, 
end  the  velocity  U-dS/dt  in  sitll  elf  Is  detemiaed  by  balancing  the  Inertia  fore*, 
equal  to  »ass  lines  acceleration: 

a  dU/dt  »  T  -  0  -  V  tiny.  (1) 

against  the  thrust  T.  ntnus  the  drag  0  end  the  longitudinal  V  slnr  co»ponent  of  the 
weight  V. 

Ve  could  introduce  In  (I)  the  other  atrodynaalc  force,  naaely,  the  lift  l.  by 
noting  that  It  Is  balanced  by  the  transverse  eonponeni  of  the  weight  U-ag.  where  g  Is 
tht  acceleration  of  gravity: 

eg  cosy  «  t  »  |  p  5  II*  C(.{0){  (2) 

in  (2)  we  have  eipressed  lift  as  usual  £4.5]  in  terns  of  aass  density  P.  velocity  U 
(in  still  air  *e  need  not  distinguish  groundspeed  end  airspeed),  reference  erea  S  (or 
‘corrected'  wing  area),  and  the  lift  coefficient  Cj,  which  is  a  function  of  incidence  0 
relative  to  the  angle  of  aero  lift  (It  equals  the  pitch  angle  relative  to  that  for  xero 

lift).  The  dreg  is  given  by  a  formula  sinilar  to  (1),  vix.: 

0  «  $  p  S  U*  Cq(0).  (3) 

where  the  drag  coefficient  consists  of  three  contributions: 

C0(8)  -  C0f  ♦  k  (Cl(8))2  f  X  CL(0),  (I) 

nicely:  (1)  the  fora  drag,  due  to  friction,  which  is  independent  of  lift;  (11)  (he 
induced  drag,  which  it  proportional  to  the  lift  coefficient  squared,  through  the 
coefficient  k.  which  is  •slnimun  for  elliptic  loading,  whan  it  is  given  in  terns  of  the 

espect  ratio  A  by  k»l/»A.  and  a  correction  6  for  non-elliptic  loading  cay  be  applied  in 

the  forn  k-(H4)/*A:  (Hi)  the  third  tern  accounts  for  the  non-parabolic,  or  non- 


-synnatrie  lift-drag  polar,  end  is  proportion*!  to  the  lift  coefficient  through  the 
constant  X. 


na 


On  substitution  of  (4)  into  (3).  and  using  (2),  it  it  found  the  dependence  on 
velocity  of  the  three  eoaponents  of  lot*!  drag: 

0  *  |  o  S  0*  Cgj  f  2  (k/?$)  («  ?  cosy)2,  U“*  ♦  X  »  9  eoay.  (S) 

viz,:  (1)  the  for*  dr*?  is  proportions!  to  the  square  of  velocity!  (!i)  the  induced 
dr*?  it  inversely  proportions!  to  the  square  of  velocity!  (Hi)  the  asynoetry  tern  for 
the  dr*?  po!*r  '  ids  to  *  constant  drs?  independent  of  velocity.  Since  v*  have  neglected 
wav*  drse.  th*  'tent  nathenatical  nodel  applies  only  to  subsonic  flight.  Ue  eseplete 
the  nodel  w!V  <«>le  thrust-versus-veloelty  law: 

T(U)  *  Cft  /,  U2)/ng.  (6) 

where  fa.  ft  are  constants.  v,j.  f(,  is  the  static  thrust  to  weight  ratio  of  the  aircraft 
fo **T(0)/»g,  end.  f\  specifies  the  reduction  of  thrust  with  velocity,  and  depends  on 
density  or  altitude. 

S3  -  Velocity  end  incidence  a*  (unctions  of  distance  or  tine 

In  the  nathiv.atical  «od«l  eaprossed  by  equations  (1.2. 3.4,0  there  Is  an  inpnrtant 
inpllett  assunptiOn.  nanely.  the  neglect  of  rotational  Inert!*,  thus  ue  have  oscluded 
the  short  period  sod*,  an*  allowed  *nly  the  phuootd  node.  Inplyln?  that  the  Incidence 
needed  to  teen  the  aircraft  on  a  constant  glide  slope  can  be  obtained  alnost 
Instantaneously  thro«9h  Plfch  control.  This  assumption  is  cgScistent  with  the  ain  of 
the  present  wort  o!'  studying  the  conpensaiton  of  the  phugold  node  in  isolation:  the 
possible  effects  of  the  short  period  both  at  regards  ftigfet  tost  records  and  the 
nathenaiscai  modelling  of  the  data  are  considered  in  the  discussion  (59).  Since  the 
notion  on  a  constant  glide  slope  it  one-dtnensional.  and  incidence  it  related  to 
velocity  by  (2),  the  whole  nathenattcal  nodel  can  be  reduced  to  a  single  differential 
aquation  of  first-order. 


One  faro  of  this  equation  specifies  velocity  jJc  function  of  tine,  and  follows 
fron  (1)  on  substitution  of  (S,6),  yi*.  it  titles  that  the  acceleration  of  the  aircraft 
nornaliaed  to  that  of  gravity: 

g“l  dU/dt  -  f(U)  -  a  -  b  U2  -  c/U2.  (?) 

equals  a  total  dlnansionlets  force  f(U)  along  the  flight  path,  which  depends  only  on 
velocity,  as  stated  in  (7)  where  the  coefficients  are  given  by: 

a  *  f0  -  slftT  -  X  cosy,  (8*) 

b  8  f,  +  (p$/2ng)  C0f,  (Bb) 

c  *  2  (k/pS)  o  g  cos*  y.  (8c) 

Ue  nay  eapross  the  acceleration  in  terns  of  distance  C  along  the  flight  path  using: 


dU/dt  «  (dU/dC)  (dC/dt)  -  U  dU/df.  (9) 

to  obtain  an  alternative  forn  of  (7),  via.! 

(U/g)  dU/d?  -  T(U)  -  a  -  b  U2  -  e/U2,  (10) 

which  axpresses  velocity  as  a  function  of  distance. 

Once  the  velocity  has  baan  deternined.  as  a  function  of  tine  by  Integrating  (7). 
or  as  a  function  of  distance  by  integrating  (8),  the  incidence  can  be  deternined  fron 
the  constancy  (2)  of  the  product  of  the  square  of  velocity  by  the  lift  coefficient: 

U2  CL(0)  -  co*2y  B2  Ct,(e).  (11) 

where  (7,  5  refer  to  steady  horizontal  flight  at  the  sane  weight.  Conparlng  (11)  with 
(2)  we  conclude  that: 

2«g/pS  -  02  Cl(5).  (12) 

so  that  we  can  re-express  the  coefficients  (8b. c)  of  the  total  force,  in  a  fern: 

b  »  fj  f  (Cj|f/C|_(5})/U2,  c  •  k  Cj.(5)  B2  cos^y,  (13*. b) 

involving  B.  5  Instead  of  n,  p,  S. 


Parc  II  -  Coepenaatlon  of  the  phugold  node  induced  by  vindehears 

Tht  preceding  deduction  applies  to  non-linear  stability  in  still  air,  but  it  can 
b#  readily  nodified  to  account  for  the  effects  of  arbitrary  wind  (§4).  Tht  linearization 
for  'noderate'  wind  of  vtlbcity  not  exceeding  30X  of  the  groundspeed  of  the  aircraft. 
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allows  explicit  analytic  solution  (JS).  Taking  as  a  wtndshear  model  *  sinuso'dal 
change  f re#  head  to  tailwind.  tuperiupssad  with  *  half-sinusoidal  dovnflo»,  u*  obtain 
(JS)  the  pitch  control  law  which  needs  to  be  implemented  to  keep  th*  aircraft  on  the 
too*  gild*  slop*  throughout  th*  windshear  encounter, 

5<  >  Ken-linear  pitch  stability  in  the  pretence  o(  arbitrary  wind* 

in  th*  preceding  argueents  concerning  non-Hn*ar  pitch  stability  in  *  «Hv*  in 
ttiil  air,  th*  ur*  velocity  v»»  uted  to  detignatt  indiscriminately  th*  groundtpeed 
and  eirtpeed.  tine*  th«y  coincide.  They  *r<  distinct  in  th*  pretence  of  wind.  and  in 
order  to  re-writ*  th*  equation*  of  notion  in  this  ett*  w*  mutt  flrtt  cheat*  *  r*f*r*nc* 
frame.  V*  shoes*  inertial  atit  fit«d  to  th*  {round,  to  th*t  th*  inertia  fore*  involves 
th*  acceleration  of  th*  groundtp**d  U„,  end  it  it  balsnetd  by  th*  longitudinal  component 
of  weight  »nd  thrust  ninut  drag  expressed  in  t*r*t  of  airspeed  V,  viz..  (7)  in  ttiil 
*ir  it  replaced  by: 

9"'  dU./dt  -  F(V«)  «  (U./g)  dU./d(,  (14) 

in  th*  presence  of  arbitrary  longitudinal  u  and  tr*n*u*ri*l  w  winds  (Figure  3).  which 
relate: 

V|  «  (Mu)2  a  «*,  (IS) 

th*  {roundiiO<«d  U*  to  lh*  airspeed  Yf. 

in  th*  pr*s*nc»  of  a  trantvtrtal  wind  In  th*  vortical  plan*  v/Q.  th*  *lrtp««d  no 
lont*r  ll«t  along  th*  flight  path,  but  rather  makes  on  angle  n  with  it  given  by: 

ft  «  are  tan  (w/(U*au)i.  (16) 

This  must  tie  added  to  th*  Incident*  vh*n  calculating  th*  lift  coefficient  in  (11).  which 
it  rtplaetd  by: 

U2  Ct(d)  *  V2  Ct(9.»ft).  (17) 

which  specifies  th*  dependence  of  th*  lift  coefficient  on  wind  velocities.  If  th* 
aircraft  Hi**  at  an  incidence  below  the  it*l).  the  lift  coefficient  it  proportional  to 
that  incident*  (Matured  fro*  the  incidence  for  zero  lift),  and  (17)  iinplifiet  to: 

■i2  fl  «  ((Mu)2  a  w*)  (9«  a  are  tan  (w/(Ufau))).  (18) 

where  th*  longitudinal  u  and  trantvertal  v  wind  appear  explicitly. 

We  may  tusaarfae  at  follows  the  non-!1a*tr  pitch  ttabillly  problem  In  the  pretence 
of  arbitrary  wind:  (i)  the  wind  component*  u(C).  «(C)  along  the  flight  path  are  attuned 
tnown:  (li)  the  total  dimensionless  fore*  along  th*  flight  path  It  given  by  (7).  in 
term  of  the  airtpted  (15),  with  coefficient*  (8*s  13a. b):  (ill)  th*  differential 
equation  (14)  tt  integrated  to  specify  th*  groundtpeed  U(C)  along  the  flight  path;  (i) 
substituting  this  into  (IS)  we  obtain  th*  airspeed  V(C)  along  the  flight  path:  (v)  the 
incidence  along  the  flight  path  follow!  fron  (17)  in  stalling  conditions,  or  (18)  away 
fro«  th*  suit.  Th*  key  step  it  (Hi)  the  integration  of  the  stability  equation,  which 
can  be  performed:  (i)  nuMi'teelly.  in  the  eatrene  case  of  winds  of  velocity  eonparable 
to  the  groundspeed.  which  is  very  rar*  and  hazardous:  (ii)  even  in  strong  sterns,  th* 
wind  sp*td  du*s  not  usually  exceed  301  of  th*  groundspeed.  and  in  this  ease  analytic 
integration  Is  possibl*.  as  we  proc«ed  to  show. 

§5  -  Flight  with  e  constant  glide  slope  in  Moderate  winds 

We  consider  a  'Moderate'  wind  to  be  on*  not  «xc**ding  30!  of  the  groundspeed.  so 
...vt  th*  squar*  of  th*  wind  velocity  Q.3*-0.09«l  is  negligible  compered  with  th*  square 
of  th*  groundspeed: 

U2  »  (u»w)2  i  u2.  w2,  u  w,  (19) 

Applying  this  epproxination  in  (15)  *nd  (18)  it  follows  th»t: 

V4  »  M“.  0«  ■  w/f„  (20*. b) 

th*  airspeed  (20a)  is  affected  only  by  th*  longitudinal  wind,  and  the  change  of 
incidence  (20b)  is  due,  only  to  the  transverse  wind. 

We  denote  by  U  t  n  groundspeed  in  still  air  (7).  and  by  U»  the  groundspeed  in  the 
presence  of  wind  (14),  so  that  the  perturbation  in  groundspeed  du*  to  wind  (Alt): 

f  5  U,-U.  g"1  df/dt  -  F(V,)-F(U).  (21*. b> 

satisfies  (21b).  Th*  assunptlon  of  Moderate  wind  implies  that  f2«U2  as  will  be  checked 
later,  end  allows  the  lineerlzetion  of  the' right-hand-side  of  (21b): 

F(V,)-F(U)  -  (dF/dU)(V*-U)  -  <U/g)  v  (f*u). 


(22) 
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where  *«  have  used:  CO  f«r  th-»  coefficient  (7): 

v  i  (g/«>  df/dU  -  (b*e/U*)t  (23) 

HO  for  th*  different#  of  airspeed  (20*)  in  tht  presence  of  wind  and  greundspeed  in 
stfU  *ir  (21b): 

V,-0  *  (V«-U.)  *  (U,-U)  *  f*u.  (24) 

Substituting  (22)  into  (21b)  we  obtain! 

d(/d£  *  v  [f*u(<)3.  (25) 

at  the  llneiriied  ttabOity  aquation.  where  A  is  a  constant  calculated  for  the 
groundspeed  in  tiOl  air. 

if  the  longitudinal  vine!  along  the  flight  oath  u(t)  it  given.  than  th*  porturbailan 
of  groundspeed  ft  cause*  it  specified  by  tht  forced  tolution  of  (2S).  via.: 

f{£)  •  v  ev*  f  a*vn  «(«)  dn.  (26) 

'o 

-hart  the  ttart  of  tha  wind  it  taken  at  position  ?**(>.  Th*  perturbation  of  airtpaad 
equals  that  of  groundspeed  (26)  plus  (20a)  tha  longitudinal  wind  (27a): 

q(C)  *  (tO  a  u(c),  r(?)  t  0,  -  8  *  -f«(«;)*2®  «t<))/U.  (27*. b) 

whereas  tha  parturhation  of  incidence  (27h)  Involves  Also -the -transversal  wind  w($)  to 
U.  Tha  lattar  aaprottion  was  obtained  by  Hnatrh ?»>§! 

0  *  V?  (9a«.)  «  U*  8  »  (U*»?uUMM*/U)  -  U*  9  »  U*(8#-8)  *  2uU0  a  ,U.  (28) 

where  »<-  have  u ttd  tha  constancy  of  (IS)  to  determine  tht  difference  between  tha 
Incidence  0  in  still  air  and  8.  in  tht  prtsanct  of  wind. 

§6  -  Application  to  wind  profile*  typical  of  a  wind shear 

Ketereological  observations  of  wtndshaart  thow  that  thay  can  ba  nodelled  [6.7]  by 
(Figure  3)  a  toroidal  aortas  above  tha  ground,  producing  a  downflow  through  tha  cora. 
which  is  deflected  into  low-levtl  Jet.  For  an  aircraft  flying  through  the  windshear  tha 
wlndfield  appears  (figure  A)  as  a  superposition  of  a  longitudinal  wind  of  maninua 


strength  AU.  changing  fron  a  head  to  a  tailwind: 

u(0  »  A  U  sin  (2*c/D.  (29) 

at  th*  peat  of  a  downflow  of  aoplHuda  I6U: 

v(C)  -  -  S  0  0  sin  («C/t).  (30) 

where  l  denotes  th*--  '*1#  of  tho  windshear. 

Substitute  *28  *1  into  (26:  27a. b)  specifies  the  dtoenslcnless  perturbation 

of  groundspeed: 

f(X)  *  f(()/U  *4/(-fasr  J  (u(1-eos(2*X)-stn(2»X)».  (31) 

airspeed: 

0{X)  l  (u(e)af(g  -  P(X)  a  A  sin  (*X>.  (32) 

and  incidence: 

R(X)  *  r(c)/0-l  -  -  2  OCX)  -  #  sin  (*X).  (33) 

as  function  of  diaensionlass  distance  (31a)  along  the  flight  path: 

XlC/t.  u  *  2*/vl.  (34a. b)- 

where  the  aerodynaaics  of  the  aircraft  are  sptelfiad  by  tho  paraaeter  u  (34b). 

Using  (23)  and  (13a. b)  the  windshear  susceptibility  paraaeter  is  given  by: 

U  -  »/(gt(cfU4-b))  -  »U2/(gl{>  CL{0  )-C0f/CL(0  )]).  (35) 


where  wo  have  assuatd  constant  thrust  fj«0  equal  to  the  aaxiaua  available  as  it  is 
reeoaatnded  to  apply  full  throttle  during  a  windshtar.  We  consider  a. lengthscalq 
L— 1 000-2000  a  for  the  windshear.  approach  speed  U  *30-60  mft,  acceleration  of  gravity 
g-9.80  ■  s“S  lift  coefficient  about  unity  Ci»l  for  approech.  when  Induced  drag 
dominates  fora  drag:  the  coefficient  k»(l+6)/*A  uses  a  correction  6*0.25  for  non-elliptic 
loading,  and  an  aspect  ratio  Aw2-8  depending  on  the  type  aircraft,  e.g.  we  are  lead  to 
a  windshear  susceptibility  pnraseter  taking  a  ainiaea  value  li-1  for  a  slow  light  aircraft 
of  large  aspect  ratio  (U*a0a/s.  A*8),  to  a  aaxiaua  u-13  for  a  large  Jet’  transport 
(U*60a/s,  A»8j,  and  interaedtate  values  u»b  for  a  jet  fighter  (U*60»/s,  A»2).  The  plots 
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In  Figure  S  correspond  to  various  value*  of  u.  for  *  wlndshear  with  peat  headwind  lit 
of  th*  grov»dsp**d  and  peal  downflow  15*  of  th*  groundspttd  *uHlptt«d  by  approach 
Incidence.  They  show  that  In  ord«r  to  retain  *  eonstint  olid*  slop*  ft  is  necessary 
(top  plot)  to  Increase  th*  groundspeed  to  th*  tailwind  phase  of  th*  wiadsheer.  so  tf 
to  **eld  (aiddle  plot)  to  large  •  drop  of  *trsp«*d  frcw  th*  head  to  th*  tailwind  phases 
this  r«qutr«*  (hotto*  plot)  d*er*asing  Incidene*  In  th*  h«ad«md  phis*  *nd  Increasing 
it  in  th*  titUInd  phis*. 

fort  lit  -  Cenpeastulon  of  the  phugeld  node  induced  by  initial  conditions 

Th*  pitch  control  lav  In  figure  5  (bottoa)  for  conpensatlo*  of  th*  phugold  nod* 
induced  by  wlndshear*  Is  only  achievable  If  th*  Incident*  r**»tns  below  th*  stsll  value 
9s9f,  Th*  tin*  «pp1I*s  to  th*  pitch  control  law  for  co*p*nt*tton  of  th*  phugold  nod* 
Induced  by  Initial  conditions,  which  w«  calculate  n«*t. 

§7  -  Evolution  curve*  for  non-llnesr  inability  and  Instability 

If  in  aircraft  st»rts  a  dlv*  In  still  Hr  it  a  velocity  far  rs*ov»d  Iron  th*  st*»dy 
flight  speeds  U,.  "we  h»v*  »  non-linear  pitch  stability  probl*».  for  which  th*  equatiens 
(7)  or  (10)  hive  to  he  Integrand  exactly.  They  can  be  re-written  In  th*  form 

g-1  dU/dt  «  «(b/U2)  ((U*-U2)  (U*-u2»  -  (0/g)  dU/dC.  (35) 

where  U,  are  the  steady  flight  speeds,  for  which  the  acceleretlon  venlshts  (U»U4  Inpltos 
dU/dt«0)  The  steady  flight  speeds  are  the  roots  oft 

0  »  (bU4-aU*ee)  »  b  <tt*-U?>  (U2-U*),  (37) 

and  are  specified  by  (38a)t 

0?  -  (asA)/Jb.  A  *  a*-«bciO,  (38*,b) 

where  the  condition  (38b)  oust  be  satisfied  for  steady  flight  to  be  possible.  The 
equality  sign  specifies  th*  alniaun  thrust  to  weight  ratio  naaded  for  steady  flight! 

fo  S  slny  a  A  cosy  a  JtA  Coy  cosy.  (39a) 

at  th*  ainiaua  drag  speed: 

Und  *  «/2b  »  ATcof  cosy  Cl(E)  D,  (39b) 

-hero  we  have  used  (Bn  13a. b)  with  constant  thrust  fj»0*fj>.  In  the  case  of  horliontal 
flight  y»0  and  synaetrlc  drag  polar  A»0,  w*  obtain  the  usual  [8J  foraula  fo *2wk  Cof 
for  the  alnlnun  thrust-to-wolght  ratio  needed  for  steady  flight. 

The  notion  at  velocity  distinct  froa  V4  Is  unsteady,  a*  shown  (28)  by  th*  signs 
of  th*  acceleration: 

Case  U<U_  U.«U<U*  U>Us 

acceleration  dU/dt<-3  dU/dt>0  dll/dt<0.  (10) 

The  table  shows  that:  (I)  th*  upper  steady  flight  speed  0*  Is  stable,  because  a  deviation 
below  causes  an  accelaratlon.  and  a  deviation  above  a  deceleration,  until  the  velocity 
0*  Is  regained:  (II)  the  lower  steady  flight  spead  U-  Is  unstable,  because  »  deviation 
below  causes  furthordoeeeleratlon,  and  a  deviation  above  further  acceleration,  so  that 
In  both  eases  there  Is  no  return  to  th*  steady  stale.  These  stability  characteristics 
are  Inown  p.10].  and  we  proceed  to  calculate  the  evolution  curves  describing  th* 
approach  to  the  stable  U*  and  deviation  frow  the  unstable  U-  steady  flight  speeds. 

The  equation  (35)  nay  be  Integrated  to  specify  the  distance  along  the  flight  path 

exp(-2bgc)  -  { (U(c)2-u|>/(uS-o|)»  1/<1'"U“/U^>  *((u|-uS)/(U(c)2-U2))  »/(U?/U?-l)( 

(ID 

as  a  function  of  velocity  U(c).  with  UoSU(O)  denoting  th*  initial  velocity.  Since  th* 
function  D(()  ls  highly  non-llneer  It  Is  not  staple  to  Invert  (11),  and  It  Is  preferable 
to  leave  It  In  Inverse  for*,  with  distance  ts  function  of  dlnenslonless  ratios  of 
velocities,  both  In  the  bases  end  exponents.  W*  een  elso  obtain  tin*  ellapsed  as 
function  of  velocity: 

**p(-2bg(tMU_)0  -  {(U(t)-U+)(U0*Uf)/(U0-U*)(U(t)4U*)),/(,"U"/Uf) 

*{(U0-U_)(U(t)4U-)/(U(t)-g.)(Uo+U-))1/(U+/U'',).  «2> 

by  Integnttng  tht  first  equation  (35).  The  laws  specify  the  way  In  which  the  velocity 
U  «ust  evolve  as  a  function  of  t1*t  t  (42)  or  distance  C  (41)  so  as  to  keep  a  constant 
glide  sl.ope*  fro*  an  arbitrary  Initial  velocity  U<>*  The  corresponding  laws  for 
incidence  are  obtained  by  Making  the  substitutions: 
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U(0,  u0.  ut,  o„i  ->  i//«?t).  >/^J.  i// «I»  V/«7i>  C«) 

because  ***y  froa  the  *t*t1  »*  hav*  U*6«const..  where  th*  constant  «ay  b«  eaftttd 
because  (41.42)  involve  only  ratios. 

58  -  CoaputaUon  of  «odel  (or  coapsrinon  with  (light  toot  data 

Th*  preceding  solution*  aay  b<  linearized  for  short  Hot*  or  distances,  l.t. 
when  th*  velocity  U  is  relatively  slot*  to  th*  initial  velocity  Uo*  and  still  far  f ran 


th*  steady  flight  speeds; 

(U*-u|>*  «  (44) 

in  this  cast  th*  evolution  of  th*  velocity  it  exponential  with  distune*! 

(U(t))?  «  u|  *  (U?-u2)(l-ul/uS)(1-*‘c/t)‘  (45) 

*nd  in  tin*: 

U(t)  »  Uo  4  J(Ut»U-)(U?/gl-l)(l-0l/0j)(l-*-l/r).  (46) 

with  longthsctlc  s  and  ttaescel*  T  giv*n  by! 

S  -  l/2bg,  r  «  l/(U*iU„).  (47a, b) 


These  length  *nd  tin*  sc*l*s  apply  only  to  short  distances  *nd  tints,  viz.  U*tfo  In  (4S) 
for  c«s,  and  U«U0  in  (46)  for  t«F.  but  th*s*  *spr»s*ions  do  not  hold  for  f»s  or  t»F. 

for  long  distances  and  large  tints  «t  aust  us*  th*  exact  response  curves  (41.42); 
for  t»T.  (»t  .he  left-hand  sides  vanish  and  th*  right-hand  sides  shoe  that  either 
U-U*  i.e.  the  stable  steady  fltoht  speed  Ua  is  approached  or  U-U-— «  and  there  is  a 
large  deviation  fro*  the  unstable  steady  flight  speed  U-.  The  non-linear  stability 
curves  for  approach  to  U*,  and  instability  cruvts  for  deviation  fro*  U..  are  readily 
calculated  for  each  initial  velocity  Uo.  by  glvlno  values  to  the  velocity  U.  and 
finding  th*  distance  C  (41)  and  ttae  t  (42)  when  it  Is  attained.  The  curvet  are  plotted 
in  Figure  6  top  (battoa)  where  distance  C  (tin*  t)  is  noraalized  to  the  lengthseele 
(48a)  ttineseal*  (48b)]! 

T  1  </s,  2  *  t fT,  (48*. b) 

and  the  velocity  Is  noraalUed  to  th*  ainiaua  drag  speed  (49i)i 

V  I  U/U,d.  uJa  -  (U?eU?)/2.  (49*. b) 

and  it  follows  froa  (30a,  31b)  that  th*  square  of  the  ainiaua  drag  speed  is  th* 
arllhaetlc  nean  of  th*  squares  of  th*  steady  flight  speeds  (49b):  thus  if  we  choose  a 
stable  steady  flight  speed  302  above  the  alnlaun  drag  speed  (50a): 

V*  I  U+/U„d  -  1.3.  V.  *  U_/U«d  -  /£vf  -  0.748.  (50*. b) 

the  unstable  steady  flight  speed  (50b)  is  252  below  the  ainiaua  drag  speed. 

We  nay  now  discuss  the  coaparlson  of  the  stability  curves  in  figures  6  and  7  with 
flight  test  data.  Suppose  w*  put  the  aircraft  in  a  dive  at  a  glide  slope  angle  y  such 
that  the  upper  steady  flight  speed  lies  302  above  the  alnlaun  drag  speed.  If:  (I)  the 
initial  velocity  lies  above  the  steady  flight  speed  Vp>V+,  viz.  Vq>1.3  then  the 
aircraft  should  deccelerate.  e.g.  along  the  curve  starting  at  V0»1.5  and  tending  to 
V+wl.3;  ( ! I )  the  Initial  velocity  is  V*»1.3  It  should  reaain  constant;  (ill)  th*  initial 
velocity  lies  between  the  two  steady,  flight  speeds  0.75<Vo<1.3.  then  the  aircraft  should 
accelerate  towards  the  higher  value,  e.g.  along  the  curve  starting  at  V0«1.1  and  tending 
to  V+-1.3;  (Iv)  the  initial  velocity  is  below  the  ainiaua  drag  speed,  then  there  is  an 
inflexion  In  the  stability  curve,  corresponding  to  the  Inversion  of  controls  at  the 
ainiaua  drag  speed,  e.g.  along  the  curve  starting  at  Vo*0.9  and  tending  to  V^«1.3:  (v) 
Initial  velocity  at  or  slightly  below  the  unstable  steady  speed  is  a  dangerous  condition 
leading  to  rapid  divergence  or  loss  of  speed  towards  the  stall..  In  the  flight  tests  the 
aircraft  should  be  kept  on  a  constant  glide  slope,  e.g.  using  the  ItS  beans  as  reference, 
and  applying  pitch  control  as  necessary.  The  records  of  velocity  4s  function  of  distance 
(tine)  would  then  be  coapared  with  the  curves  in  Figure  6  top  (bottoa)  to  check  the 
agreeaent  or  disagreeaent  with  the  theoretical  predictions. 

§9  -  Discussion 

The  flight  tests  just  described  should  be  perforned  later  this  year,  using  the 
Portuguese  BAFR  (Basie  Aircraft  for  Flight  Research)  described  elsewhere  £lj.  This  Is  a 
CASA  212  Aviocar  of  the  Portuguese  Air  Force,  fitted  with  flight  test  instrunentation 
offered  by  the  NLR  of  Netherlands,  In  an  installation  designed  and  tested  at  the 
Aeronautics  Laboratory  of  I.S.T.  of  Lisbon  Technical  University,  with  cooperation  of 
the  Braunschweig  Technical  University  in  Gernany.  At  the  present  the  aircraft  is  at 
OGHA  (Oficinas  Gerais  de  Material  Aeronautlco)  where  all  sensors  have  been  installed, 
and  fitting  out  of  the  aain  aquipaent  rack  is  taking  place,  prior  to  final  testing  at 
the  aeronautics  laboratory,  and  first  flights  froa  Sintra  airfield.  Since  we  sust  defer 
to  a  future  occasion  the  coaparlson  of  the  present  theory  of  pitch  stability  with 


IM 


flight  tut  data,  *«  conduit  with  teat  remarks  on  iht  atthoi  we- have  usad  tni  possible 
further  developments. 

Tht  study  of  flight  In  tht  presence  of  .wlndshear*  htt  been  directed  *t  tht 
reconstruction  of  particular  lnciitnii  [ll,l?J.  to  devise  escape  procedure*  or  atilaiee 
chance*  of  survival  [Uj .  Tht  attheit  mad  art  usually  numerical,  and  allow  tht 
simulation  of  couple*  aircraft  aodtli  and  wlndflelds,  although  tht  flight  Mehanlca.1 
process  of  Inttrtetlon  between  tht  aircraft. and  tht  perturbed  atmosphere  la  not  always 
cltar  froa  tht  final  output  data.  Analytical  models.  although  limited  to  stmple 
aircraft  and  atrodynanlc  aodtli.  give  a  better  Insight  Into  tht  physical  proctiitt  of 
lnttractlon  bttwttn  tht  aircraft  and  wind  [14-ly,  In  tht  prtttnt  paptr  wt  htvt  dtrlytd 
pitch  control  laws  which  aalntaln  a  constant  glldt  tlopt  In  tht  prtttnct  of  a  aodtl 
sinusoidal  wlndshtar.  Since  this  thtory  cannot  bt  rtadlly  compared  with  flight  data, 
thr  comparison  can  bt  aadt  using  another  application  of  tht  saat  theory,  via.  tht 
prediction  of  the  evolution  with  ttae  and  distance  of  the  velocity  or  Incidence  for  an 
aircraft  flying  In  still  air  on  a  constant  glldt  slept  froa  tn  arbitrary  inttlal 
velocity,  possibly  far  rtaovtd  froa  tht  steady  flight  spatds.  This  non-linear  stability 
problta  should  providt  a  significant  ttst  of  tht  theory  once  flight  data  btcoatt 
available  for  comparison. 

Pending  tht  ptrferaanct  of  the  Intended  flight  tests,  we  conclude  with  tone 
speculative  thoughts  on  further  dtvelopaents  of  the  present  thtory.  Its  atin  restriction 
Is  likely  to  bt  tht  neglect  of  rotational  Inertia  or  tht  short  ptrlod  rode.  This  should 
btcoat  apparent  In  flight  ttst  data.  vU.  the  difference  between  the  evolution  of 
velocity  versus  tint  recorded  in  flight  and  the  theoretical  prediction,  should  give 
evidence  as  to  the  iapertance  of  tht  short  period  node  relative  to  tht  phugoid  node.  In 
the  unlltely  case  they  art  of  cnaparablo  aagnltude.  a  non-linear  theory  Involving 
rotational  Inartla  would  bt  ntedad.  If.  at  is  likely,  flight  test  date  shows  that  the 
short  period  aodo  to  have  a  swelter  effect  than  the  phugoid  node,  then  It  should  be 
possible  to  linearise  the  equations  of  notion  Including  rotational  Inertia,  about  the 
non-lintar  solution  without  rotational  Inertia  presented  here.  This  Improved  theoretical 
nodel.  Including  rotational  Inertia,  could  thtn  eu  coopered  with  flight  lest  data,  to 
check  whether  It  provides  Improved  agreement.  The  nethod  which  we  have  adopt*'!  hero,  and 
propose  to  attend  further  In  the  future,  Is  based  on  direct  Integration  of  the  equations 
of  notlonj  In  the  linear  case  It  gives  the  sane  results  as  the  nethod  of  linear  stability 
darlvatlvas.  which  Is  In  nost  widespread  use  C17.18},  *>9>  for  the  problea  discussed  In 
Part  11.  for  non-linear  problems,  such  as  that  discussed  In  Part  III,  the  direct 
Integration  [19.2QJ  of  the  equations  of  notion  Is  slapler  and  nort  accurate  than  the  use 
of  stability  derivatives  say  to  second  or  third  order.  Since  we  wished  to  use  the  sane 
nethod  to  discuss  (I)  linear  response  to  windihteri  and  (11)  non-linear  pitch  stability, 
the  direct  Integration  of  the  equations  of  notion  was  adopted  as  a  conaon  starting  point. 
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legend*  (or  the  figure* 

figure  Is  Descent  with  unsteady  velecily^.dt/dt  with  *  constant  glide  slope  v.  ‘•here  t 
is  tin#  end  (  It  the  distance  alone  the  flieht  peth.  related  to  horUontal  *  end  vertical 
y  distenee  by  j  secY*(»y  esey.  Neglecting  the  tngle  between  the  thrust  *Ms  end  the 
*  •  ***■*•  J|>«  thrust  Is  helmed  by  dreg,  inert!*  fore*  end  eonpoeent  of  weight  elone 

flight  pethi  the  transverse  eoesonent  of  weight  is  helmed  by  lift.  In  this  case.  of 
unsteady  notion  with  consient  glide  slope  in  still  sir.  tne  velocity  ney  be  interpreted 
equivalently  ts  groundspeed  or  elrepeed.  1  ‘ 

Figure  Is  The  distinction  between  groundspeed  U  end  eirspted  V  becones  necessary  in  the 
sese  when  the  unsteady  weiion  *long  the  constant  glide  slope  is  due  to  wind,  whose, 
velocity  w*  spin  into  eeapenents  perellel  u  end  orthogonal  w  to  the  flight  petit.  If 
the  glide  slope  Y  is  spell  these  do  not  differ  «ueh  fro»  respectively  the  horicontel 
end  vertlcel  wind  eonpenents. 

ITigure  3r  An^ atmospheric-  event  of  concern  te-safety  end  involving  strong  wind  changes. 

Is  the  windsheer.  which  stay  be  represenied  by  e  toroid*!  vortc*  ebove  the  ground.  A 
cross-section  by  e  vertical  plane  pesslng  through  the  eels  of  the  torus  shows  two 
opposite  vortee  centers,  inducing  between  then  e  downflow,  which  is  deflected 
horlconUliy  neer  a  stagnation  point,  where  the  ground  Intersects  the  eels  of  the  tor«s. 

Figure  A;  The  slnplest  representntion  of  the  vindfield  due  to  me  wlndthecr  is  the 
superposition  oft  (I)  *  longltudlnel  wind,  of  anplitude  *  freetlon  A  of  the  unperturbed 
groundspeed  of  the  *ircr*ft.  changing  frea  headwind  to  tailwind  *s  the  *ircr*ft  flies 
under  the  eels  of  the  toroid*!  vortee;  (t!)  e  downflow,  with  *»?lUude  *  friction  5  of 
the  Product  of  unperturbed  groundspeed  end  incidence,  which  pe*ts  under  the  »els  of 
the  toroidal  vortee,  where  the  longitudinal  wind  roverses  direction. 

Figure  3t  In  order  to  keep  t  constant  glide  stupe  In  a  typical  vlndahear.  U  is 
necessary  (top)  to  start  to  Increase  groundspeed  before  the  transition  from  head  to 
“  "r  ?°  *hu  the  airspeed  is  higher  in  the  headwind  phase  than  in  the 

tailwind  phase,  and  (botton)  the  control  Inputs  should  be  pltch-dovn  before  and 
Pitch-up  after  the  peat  downflow.  The  nagnitude  of  the  control  inputs,  and  their  eaact 
location  along  the  wlndshear,  depend  on  the  windshear  susceptibility  paraaeter  u.  which 
varies  froa  about  unity  for  a  lightplane,  to  about  then  Tor  a  large  Jet  transport,  with 
viluei  *bout  hil f-w*y  for  *  high-perfonunc*  fighter. 


Figure  6t  Another  type  of  control  law  applies  in  still  air,  when  the  perturbation  of 
-teady  flight,  along  a  constant  glide  slope,  is  due  not  to  wind,  but  to  an  Initial 
velocity  V0  far  resoved  frea  either  of  the  steady  flight  speeds  V.,  In  this  case  we  plot 
instead  of  incidence,  the  ratio  of  velocity  to  the  aininua  drag  speed,  as  a  function  of 
dlaenstonless  (top)  distance  divided  by  lengthseale.  and  (botton)  tine  divided  by 
tinescaie.  These  length  and  tlnescales  apply  to  the  non-linear  evolution  curves,  shown 
tor  15  different  initial  flight  speeds,  which  denenstrate  convergence  to  the  upper 
stable  steady  flight  speed  Vi.  divergence  froa  the  lower  unstable  steady  flight  speed 
V«g  tnMtxIon  due  to  control  inversion  *t  tht  niftf*ua  drag  jpe*d. 
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SUMMARY 

fer  cooperative  research  programs  with  the  At»espher(e  environment  Service  of  Canada,  the  h*£ 
Twin  Otter  Atmospheric  Research  Aircraft  Mi  been  Instrumented  in  msttrt  the  Mtlw  and  thermal 
structure  of  the  atmosphere  and  the  aUrophysU*  of  cloud  and  precipitation.  to  IMS  the 
alrsraflwas  flewa  to  the  Canadian  Atlantic  Stems  Program  lo  Investigate  large  tast-cem  stems 
that  typically  account  for  IM  bulk  of  th*  wlnter-tl**  precipitation  In  the  nariitme  pwl««t, 
and  cause  havoc  for  airborne  and  surface  transportation.  A  variety  of  atone  flight  conditions 
**r*  eaperlenced  In  (Ms  project,  Including  Mi*/  mow  contributing  (o  United  |/R  alternates, 
alrfra*«  Icleg,  wind  shear  ini  cresiulMt  on  landing.  Th«  paper  presents  etasples  of  these 
Incidents  analysed  frea  both  i  flight  research  and  feateoraleglcal  perspective  using  aircraft- 
recorded  Uau.  fer  this  project,  additional  Specially-designed  tfclclog  boots  were  Installed  m 
the  Twin  Otter's  vertical  toft  and  the  wing  and  landing  gear  «n»U.  the  performance  of  the 
enhanced  aircraft  deicing  system  will  bo  discussed  using  data  fro*  three  Icing  encounters. 


1.  INTRODUCTION 

Tht  Cm  Com  of  Canada  it  frequently  lathed  b/  severe  cyclonic  winter  stoms  In  which  winds  cm  reach 
9*tt  fore*  and  precipitation  rnos  cm  be  high.  Preelpl»tte<i  types  cm  vary  mo ng  ritn,  snow  and  f renting 
rstn.  Canadian  cost  coast  stems  cm  b«  expected  to  differ  fro*  stoms  on  the  west  toms  of  Kerlh  America 
snd  Curop*.  The  litter  iioms  hiv*  hid  i  long  Inch  over  th«  oeoin  ihd  hut  Just  encountered  lind.  In 
contrast,  many  of  th*  CmHIm  out  coist  stoms  are  newly  developed  ind  noil  hut  been  significantly 
iffoettd  b/  lind.  In  iddltton,  thtSt.Cinidlin  stoms  irt  typtciH/  chincttrliod  b/  stibfreezlng  condtlton* 
it  th*  sorfict  or  by  ptrlods  of  swh  condltlonsi  AUhoosh  foments  hue  lejsrovtd  la  the  list  d«ide.  the 
Inch,  noyt*tni  ind  often  npld  InUnsIfleitlon  of  thtso  stems  irt  not  od«)uiitl/  hmdltd  by  eclstl«9 
wtnher  prediction  aodels,  Cimdi  bis  undertiten  i  long  tern  pro^n*.  tho  Ciaidlin  Atlantic  Stems  ProjiM* 
(CASP),  to  stud/  winter  stems  In  the  Atlmtlc  fi^lon.  Ihe  jcnonl  objectives  of  the  first  VAt Tst’-d 
eiperlwnt  held  frt«  Jimiiry  is  to  Kirch  IS,  IMS  were  to  sttrf/  stom  behivleor,  e»b*dded  ttsoscil*  (mum 
ind  co*p)e*enUr/  oceinojnphlc  phenoatn*.  The  project  wis  supported  by  the  Tederi!  Pmel  on  fr.i/jy  fttseirch 
ind  Oovelopoent  (PC*0). 

The  Twin  Otter  Ataospherlc  Roseirch  Alrcnfl  (FI9,  1),  fully  Jp.strumnted  fer  sir  notion  Md  cloud 
physics  aiss«r#§»*ls,  flw  il  filnlMs  Is  this  presrss,  optritln?  fros  Cinidlis  forces  Sue  Sheifw*«rn«»r 
Hillfix,  Kovi  Scotli.  Its  recorded  neisurtaeais  fom  in  leportmt  coaponent  of  1  comprehensive  ditsset  fro* 
i  virlety  of  coordlnittd  senstn9  systems  focused  on  these  stoms  (Rtf.  I)i  These  Included  1  stcond  ilrcnfl 
(Canada  Centre  for  Maolt  5ensln9  0C*3),  sitellltes,  three  weither  ridiri,  wteoroloskil  towers, 
octM09ri;hle  buoys,  ships,  ridloaeters  ind  in  enhinced  ridlosonde  network.  The  esperlMM  vis  tle*d  to 
coincide  with  1  slallir  Investigation  In  the  United  States,  tho  Cenesls  of  AtUntlc  tfws  bperlaent  (CALC), 
to  that  provision  could  bo  aide  to  study  stoms  that  Inverted  both  the  Anerlcin  ind  Cinidlin  project  ireis. 
figure  Z  shows  the  cooposlte  tricks  of  the  stoms  that  occurred  In  the  Cinidlin  project  irei  during  CASP. 

In  nomil  ilrcrift  operations,  pilots  ilieapt  to  avoid  the  very  conditions  that  were  the  subject  of 
this  reseireh  pragma,  Creit  cire  hid  to  be  taken  In  the  plinnlng  and  operation  of  the  research  flights  to 
ensure  safety,  while  it  the  sue  tlse  collecting  leportint  diU  on  itaospherlc  notion  ind  precipitation 
within  the  stoms.  The  piper  outlines  eeirures  taken  to  Isprvve  the  delctnn  capabilities  of  the  HAC  Twin 
Otter,  ind  presents  exaeplt  results  for  Icing  encounters  during  the  CASP  flights.  Illustrations  of  other 
stom<r»lated  huards  experienced  during  these  flights  are  given,  Including  high  winds,  crosswind  landings, 
wind  shear  and  turbulence. 


2.  AIRCRAFT  RANGE 

For  operation  of  the  Twin  Otter  In  aajor  east-coast  stoms,  the  first  llattation  to  be  considered  had 
to  be  the  rang*  of  the  aircraft  In  IFR  conditions.  The  Twin  Otter  has  a  fuel  capacity  of  2450  lb.  However, 
with  the  scientific  Instrumentation  required  for  CASP,  a  crew  of  four  and  survival  gear,  only  2200  lb  of  fuel 


could  be  carried  *t,  wmi(  hr  ta  **>rUy  tf  ta  preject  flights.  i*  mtmI  cruise,  ta  ilrcrift  bum 
ibuwl  WO  Ib/Wsr  m  m  *  -pasta*  im  MrwW  «f  l«#  to*u.  ClMfty,  ta  Ofirittall  ring#  U  will 
nlutn  t#  ta  icilfebf  Attatic  it»n»f,  i«  MfUwtif  ear#  tat  l*  b«  gtm  ta  f»/ee>g*  tWcilta*  *•<  ta 
seltctlM  of  i  oft  xtivfpta  Hrfteld. 

for  !fR  flight,  *  sufficient  f«tl  reserve  mu  V*  cirrted  ?#  illew  fer  diversion  W  W  alternate  ta 
4$  atates  of  Hiding.  w**  this  reserve  it  subtracted  free  ta  ?W  Ife  tiuoff  tat,  ta  result  Is  ta 
Mount  available  fer  project  operutas  fro*  sitaff  u  Initial  wwk^  at  ta  project  bate  (C7* 
Shearwater).  (lj*r*  3  deoktv  ta  available  flight  ftr  project  use  «  »  function  if  ta  ilternot# 

airfield,  for  example,  if  3  hears  if  ptejact'fHghl  tim  wit  required,  ta*  this  cewld  k  ta*  only  tan 
Halifax  International  *u  an  available  ilttmite.  On  ta  star  kta.  tf  tactw  w»  ta  only  aluroett  avow 
Halts,  tk*  in  »^roK>i  to  ux  but  it  taatwtur  would  hive  U  be  made  after  taut  ta  tars  if  tfR  flight, 
to  allow  t«wgh  tat  to  divert  to  itt'Ktwi.  ta  hwri  »r«U  collection  w»t  considered  *  ahtm  to  mu 
scientific ebjectlvts,  *Hh  *  preference  fir  H/i,  Tht  figure  stat  tat  tbit  Imposes  a serious  restriction 
on  ta  available  ttt<«uut.  furthermore.  jl*««  ta  sit*  if  ux  norms,  tt  often  happened  that  smnt  of 
these  aileron**  wr*  beta  tlitti  simultaneously. 

Although  tasc  restrictions  etused  tom  flight  delays,  ind  cancellation  <n  tm  or  tbrtt  tutt,  tM  Mo 
Otur  4U  St  frojui  nights  Ift  its  uinw  4«rta?  W4f.  Ibt  urtta  fttju  it*wit*s  u»l  muhtr 

f«r«ml»5  toatrisata  tl  IN  f«t  tMt  is  mi  If  Usott  fttjbW  wit  alvtntm  to  in  *t«m»U  rt^itrW. 


3.  tCINQ 

tfco  M£  »s4  tfce  RASA  itwli  ItuMfOi  tMWr  Mr*  t€?t  Is  «\it*  tw<A  fir  tht  tiit  i  er  1  juti  bttmi 
Mth  ifxrite  Tots  OUsr  itrcnfi  Is  »ta»pfc*f!e  «i«»rtK  nltt.  lb*  MSA  ilrsrift  It  wii4  fittarlt^  If* 
ilrfrtm  Ulsj  rtiMrtt.  t*  rt«n i  cto»4  tSnulit  jImj  »nd  «s«nimtai,  ?l  .tt.*riu  pirlUt*  mtinaHsrt 
tlaltir  t#  thin  i?<r»U4  fcj  Mf/AtS  *4ttflU4  m  U<fllt«t  wKkr-wlng  p/tint. 

NASA  dtntipw  tAi  ciptbitUp  to  t«)ictlt«t]r  Witt  ttrfr»m  eoapostnlt  to  dturata  iMIr  tootrlbuton 
to  tht  totit  4r*i  lasrtii*  ivi  to  Icing.  Atrcrifl  p*rfonu««  lotiu  lr  Ural  of  tlfi  »W  Or*?  cooffUltol 
tHtnp*t  mro  obtoirtid  by  flying  In  icing  tosdlt  lMt  for  wo  to  *n  bwr,  tan  nitta  etsoi  to  do  iU*if  Itrtl 
i(X«4-Ymws*p9»ir  Miiuiimntti  wblto  pro^rustaty  talcing  tiUtUd  iirfrta  to^orxntt.  Cnglns  Inltt  t»4 
prepttttr  Icing  mrt  ttelirW  fron  tbit  jtay,  it  thiir  talcing  tyitmt  wnt  bt  rwn  ceniinwMSly  taring  Icing 
conditions. 

Dot*  rtporta  in  Ktfmncrt  J  to  S  show  ilrcrift  lift  cotfficitnl  dtcrtmnis  fro*  7  to  17  pirttnl  in 
tbt  NASA  stalls.  Aircrift  dr»j  co*ffleiMts  it  t»»«l  op«mlo9  taWs  incrimd  frw»  10  to  IS  Mrttnt  e«r 
wn-lctd  bisitin*  miswrtmnit.  fljwr*  4  tbo<*$  rttwitt  fr««  I  flight  In  ntxtd  rlm/gtw*  Icing,  tart  Ut 
ilrcrift  <ir*3  cotfflcltnt  C,  incrtittd  ibowt  31s.  ind  i  night  In  glitt  Icing,  In  which  C,  wit  up  by  ntsrly 
S«.  the  sh»?t  of  ilrcrift  Ic*  iccrttlon  is  ta  prlnclpil  fidor  Inflwmlng  ptrfonunct,  film  ic*  Is 
produced  it  ta  wiour  ttmxritwris  nurtr  0  dtp  C,  to  fretting  It  slower  ta  the  resulting  surfice  rougher. 
In  ta  cists  shown,  ta  glut  let  cut  produced  vht  grtiwr  ang  Incrttse  itthough  the  wpisurt  line  wu 
lewtr  ta  cloud  w«*r  concentmlen  wss  only  hitf  tat  of  tht  olta-lclng  cite,  the  tetperiturt  wu  *S.O 
deg  C,  however,  t.S  deg  C  wirmr  thin  dwrlsg  ta  *t»»d  rloe/gtue-lrlng  cise. 

figure  4  Itlustrites  tlgnlficinl  differences  In  ta  proportion  of  ta  drig  dut  to  Icing  of  th* 
different  tlrfrwe  coegtonents.  thlt  hid  laportint  lopliciltont  In  ptim  to  optrttt  the  MAC  Twin  Otter  In 
CASP  tart  glue  Icing  wis  intlclpiled.  On  tht  sttaird  Twin  Otter,  only  ta  wing  ta  borltontil  till  hue 
deicing  beets.  In  the  glue  Icing  cist  shewn,  spiriting  ta  sltaxrd  boots  wilt  only  shed  ice  responsible 
for  40  perctnt  of  ta  talUonit  drags  60  percent  of  the  drig  Is  due  to  is#  on  ta  rteilnder  of  ta  ilrcrift! 
A  sttaird  Twin  Otwr  sUIUrly  Iced  would  hire,  it  best,  i  very  U*lted  cipibllity  of  dittoing  should  in 
engine  be  lost,  figure  4  shows  ihit  if  the  verticil  till,  wing  I'ruti  ta  tael  struts  ire  ilse  deiced,  then 
neirly  3/4  of  the  drig  due  to  ice  cm  be  shed  in  the  glue  Ice  else,  with  in  ever,  higher  proportion  rceovev 
In  rl«t  Icing.  Oelelng  of  ta  vjrtlcil  till  also  (oprotes  Its  perfonunce  In  englne*cut,  uyasttrlcil 
flight. 

NASA  put  us  In  touch  with  the  suppliers  of  their  custoa-built  deicing  boots  (S.  f.  Coodrith,  Atren, 
Ohio],  and  i  stnlUr  systes  wis  produced  end  instilled  on  the  NAE  ilrcrift  prior  to  CASF.  Totil  cost  wis 
less  than  liOCO  O.S.  and  the  weight  penalty  wis  only  31  lb.  It  should  be  Motioned  that  fAA  or  Trinsport 
Cinidi  type-ipprovils  were  not  sought  for  these  Institutions.  fiASA  ind  ME  opente  their  aircrift  In  in 
(rptrlaentil  cilegory  ind  ire  responsible  for  the  safety  of  their  own  aodlflcillons. 

During  ta  CASP  experiment,  the  Twin  Otter  encountered  signlflcint  'ting  on  three  flights.  On  tich 
occislon,  the  full  deicing  systenwis  used  Including  the  ne*ly>instslied  boots  on  ta  struts  ta  the  verticil 
till,  ind  fully  sitlxfictory  results  were  obtilned  fro*  i  sifffllght  point  of  view.  There  ippeued  to  be 
notible  differences  In  ta  idherenet  of  tht  ice,  however,  which  wis  considered  Interesting  fro*  i 
aeteorologtcil  perspective.  Since  the  ilrcrift  wis  fully  Instrumented  to  aeiture  droplet  spectre  ta  cloud 
witer  concentntlons,  i  further  inilysls  of  these  events  wis  undertihcn. 

Tible  1  sueairlies  the  cloud  characteristics  during  the  three  Icing  encounters,  for  eich  cisu,  the 
three  *lnute  period  In  which  the  liquid  witer  content  (LWC)  wis  highest  wis  selected  for  coapirison.  The 
liquid  witer  content  wis  aeisured  using  i  PHS  King  probe.  The  concentration  of  droplets  and  precipitation 
particles  In  the  size  ranges  fro*  Z  to  30  pa  and  fro*  200  to  (400  p*  were  aeisured  using  PKS  FSSP  and  20-P 


grebes  respectively.  Tb*  Mxt«M  m*‘iKV*4  HI*  droplet  ce*c*ilrat<e«t  Md  Hl»g  K  m  also  listed,  is 
well  it  tlx  droplet  m in  w)m  dtiMter  (rv9)  it  **«*rw(«*+4  frm  the  f ssr  dm. 

figures  5  tM  (  (U»Hrm  the  Mjerdlfftmce  In  IN  k*  properties  between  tb*  febrwiry  II  md  firth 
t  flights.  O a  frtmrr  ll<  *b**t  2  c*  of  *  roogh  glut  k*  built  we  *«  tb*  tlrcrift,  it  sb*wp  by  Ox  n<»r« 
fl *»  txOf4t*fi  irtM  u  fig.  Si.  On  iM»  eccislea,  activities  *f  Ox  pnxwwUc  deicing  Mi  r*a*v»d  *0 
of  tlx.lt*  o*  ill*  beets  (fig  5b}i  On  beth  flights  M  Birth  2,  bewever,  awrh  of, Ox  It*  reaelMd  t«n«lMily 
attacked  to  tlx  deicing  beets  *<t#  after  Hndlbg,  *1  tb«M  by  Ox  photograph  4 Hit*  *1*8  ttrvt  In  Figure  *b. 
tM  crew  reported  k*  foralng  In  stmhi  on  lb*  cockpit  lid*  windows,  Indicating  tin*  frtetlng  that  leads 
t»  glu*  !ekg. 

Tb*  nut  s*«r*  «f  tb*  lelns  e«eool*rs  occurrtd  w  tb*  second  flight  *f  Birth  2,  flw*  2  *V-*s 
wileg  trues  sf  liquid  wt*r  content,  utile  pressure,  unpefitur*,  true  airspeed  ind  m*l«  *1  lltuht&r 
Oilt  mu.  Tb*  tlrcrift  ms  flying  it  9400  0.  mImu  utterly  heading  lot*  Ox  rttr  «f  tb«  im  itom 
Stapled  w  tb*  tiflltr  flight.  An  Indicated  ilrspved  (US)  Jett  ibex*  122  knots  (H3  Mots  tru*  airspeed) 
tat  being  wloutoed  In  conditions  ef  light  iw.  A  sudden  tom  ef  king  «wr*l  it  l»»:10,  and  airspeed 
stirtcd  14  fill  *«f  angle  «f  attadk  Increased.  Ox  slowing  ef  lb*  ilrtrilt  it  t  mult  of  tbit  Inttlil  burst 
of  cloud  liquid  water  It  filrly  typical  of  tb*  Tula  Olttf  In  king.  fit*  atnutei  later,  it  2402:10,  tb* 
pilot  cwMnud  on  Ox  vekempe  tbit  tb«  1*5  wis  down  to  112  Own  and  ibit  tb*  d*ktng  jjtten  bid  not  y«l 
been  activated.  Only  «  seconds  Wttr.  tb*  cloud  started  to  thicken  and  the  pilot  announced  *105  knots*  *nd 
deicing  »is  ceao*«ttd.  ty  2001:50  CBT,  lb*  liquid  Mter  conttnl  reached  0.1  g  »’  and  »as  Increasing  npldly 
to  *  peak  » bar*  O.t  %  m*  (figure  5 J.  Ct*o*nls  were  md*  on  lb*  up*  0>u  tb*  It*  bid  considerable  tin: III 
strength  i r4  ms  Mherl&g  to  lb*  tlruls.  Tbtrt  was  llltta  loprovtntnt  In  ilr:?**d,  ind  u  2005:10  tb*  IA5 
bid  d«r*»ftd  furtbtr  ta  1M  knoit  dtipli*  ipolltitlon  of  tud»o*  twlnueut  po<xr.  At  200*  i  disttr.l  ind 
urn  Wit  tOMXnctd  It  IM  pilot  fill  H  MS  ntctsilry  55  Mil  lb*  Horn. 

tl  Is  InUitsUnp  14  Ml*  that  on  this  sttood  flight  en  Birth  2,  ubtn  lb*  noil  s«v*r*  condlijoni  **r* 
tntosnitrtd,  lb*  l*up*rit«r*  it  tb*  flight  l*»*l  ms  *J  C,  ihu  Is,  coldtr  thin  0«  ftbrwiry  II  tit*  «h*n 
th«  tcmrilur*  ms  n«ir  «S  C.  Ho««»*r,  th«  Min  wIum  dlmur  (NtO,  Tibi*  I)  *f  lb*  cloud  droplttt  mi 
coaild<ritily  hlgMr  on  Birth  2.  Tb*  BASA  malts  (Mftrtntot  1  to  5)  uould  tuggtti  tbit  tb*  glut  Icing 
Mold  b*  Mrs*  u  lb*  MrMr  t*«p4ritur«t  «b*r«  tb*  Mitr  would  flow  ind  frttj*  nor*  slowly.  How*v«r,  In 
ottr  tit*  b*r«,  Ox  problM  wit  wlnly  tb*  iniblllty  of  tb*  boots  to  :b*d  ill  of  tb*  let  it  tb*  co)d*r 
tt*c«f?um.  Tb*  lirgff  dropltt  tlttt  ind  tb*  prtiinc*  of  snow. In  slgnlflcint  concontrilleot  My  hivt  ltd 
to  tb*  'tlUMnttt*  of  tb*  It*  on  tb*  boots. 

TM  Icing  conditions  *ncount«r*d  In  tbost  thro*  cim  »**rt.coopirtd  with  the  fM  d«s|gn  tnvtlcpts  for 
stntlfom  cloud  king  conditions  (Rtf.  I).  The  design  cn.'tlop*s  consider  the  mm  effective  droplet 
dliMter,  tb*  itr  le«o*riiur«  ind  tb*  borkontil  orient  of  tb*  king  cloud.  Using  the  nlcrdphyslcil 
conditions  is  outlined  In  Tide  1,  tb*  liquid  witer  content  on  februiry  11  reiched  (0  percent  of  the  mslaut 
proposed  by  tb*  fAA,  wMle  tb*  first  flight  on  Birth  2,  It  wis  only  10  perctnl  of  tb*  miImm.  However,  In 
correspondent*  with  tb*  pilot's  contents  ind  ictlons,  the  second  flight  on  Birch  2  wit  the  Mst  severe, 
reichlng  go  percent  of  the  fAA  design  envelop*  Mxlno*  liquid  witer  content. 


d.  SNOW 

Heivy  snowfill.presented  the  obvious  preblea  of  reduced  visibility  md  flight  deliys  beciuse  conditions 
were  below  IFA  Halts.  Although  univoldible,  this  wis  scmUms  frustnting  beciuse  these  Mteorologtcil 
conditions  were  of  scientific  Interest  to  the  progri*  ind  ilrborne  Miivrtaents  of  the  cloud  md 
precfpititkn  were  highly  deslnbl*.  Virlous  stntegks  wert  eaployed  to  icbkve  is  ainy  flights  In  snow 
is  passible.  SomiIms  the  ilrcnft  would  be  flown  upstreia  to  Mel  the  precIpiMtlon,  ceaplete  the  siapling 
i ni  lend  prior  to  the  airport  going  below  Halts.  On  other  occtslons  the  tlrcrift  would  be  Hunched  is  soon 
is  possible  ifter  the  snoufill  dlalnlshed,  ind  then  flown  Into  the  reir  quirters  of  the  retreitlng  stora. 
The  litter  cise  usuilly  aeint  i  takeoff  In  light  snow,  Ciutlon  hid  to  be  exercised  beciuse  towing  the  wira 
ilrcrift  out  of  the  hingir  into  snow  ind  below  freetlng  conditions  would  ciuse  Ice  md  sticky  snew  to  idhere 
to  the  wings  u  the  ilrcnft  cooled  down.  Opening  the  hingir  doors  for  30  alnutes  to  cool  the  ilrcnft  prior 
to  towing  usuilly  did  not  iHcvitte  the  problta.  In  uost  eises  the  ilrcnft  hid  to.be  deiced  with  i  spny 
of  wins  deicing  fluid. 


This  huird  wis  Mply  deaenstnted  by  in  incident  during  CA$P  that  Involved  the  second  ilrcnft  ustd 
In  the  experlMnt,  i  OC-3.  A  nlght«tlM  flight  wis  to  b«  Mde  In  a  snowstorxi  traversing  the  area  froa  the 
southwest.  The  Twin  Otter  was  unable  to  fly  beciuse  of  a  lick  of  m  mlltbl*  alternate  within  range,  but 
the  0C*3,  with  Us  S-hour  endurance,  could  use  Quebec  City  as  m  IfR  ilternite.  As  It  wis  snpwlng  it  the 
airport,  the  wings  and  till  of  the  DC-3  were  deiced  using  standard  techniques  ind  i  glycol-water  solution. 
On  the  subsequent  takeoff  atteapt  the  aircraft  would  not  lift  off,  due  to  a  heivy  snow  build-up  on  the  port 
wing  In  an  tree  not  visible  froa  the  cabin  or  the  cockpit.  The  takeoff  wis  successfullyviborted  and  the 
flight  cancelled,  but  the  dinger  of  the  situation  wis  well  recognized. 


U4 


S.  HlOHWMOC 

Tht  strongest  winds  mr  measured  by  the  H*t  Twin  Otter  were  experienced  dvrlng  the  CASf  experiment. 
This  occurred  on  Jxnuirj  n,  19M  when  *  Ur 0*9  Jet  Urea*  from  the  seuih-seuthweii  wu  blowing  up  the  entire 
*m  ;uit  of  North  America  (deference  7).  At  1*00  tut,  a  975  wi  situated  just  north  ef  tb«  (vU 
ef  St.  Iktwm,  with  a  cold  front  trailing  de«n  across  Neva  Scotia.  Tbit  explosively  deepening  storm  Hat 
been  further  described  by  Stewert  Donaldson  In  Mference  I. 

the  of fact  of  these  winds  on  i  slow  speed  aircraft  such  «  tb«  Tain  Otttr  It  dramatically  Illustrated 
by  tbt  flight  trick;  In  figure  I.  1b«  alsslon  was  flown  to  tb«  nortbaatt  (downwind)  of  Halifax  and  Included 
*  cl  I  at  to  1*040  ft,  level  flight  to  tbt  turn  point,  tbtn  1  dttctnt  to  WOO  ft  for  aott  of  tbt  return  It). 
At  1120  PIT  another  dl*6  wit  made  to  14000  ft,  followed  by  1  dttctnt  sounding  to  tbt  Sbtirwiter  Airport. 
Tbt  outbound  It)  100b  26  alnuttt  (including  the  cl  lab  to  HOOO),  wbllt  tbt  rtturn  portion  took  Ml  Tbt 
tpicln)  of  tbt  S-alnvtt  airkert  on  tbt  )round  trick  dtaonsirate  tbt  wind's  tfftet  on  proundspttd.  (her  tbt 
period  worked  'A'  on  fi).  I,  average  groundtpttd  at  14000  ft  wit  2l»  knots  and  winds  averaged  Wl  dt)  11  111 
knots.  Tbt  ptik  4*s«  average  wind  wit  11?  knots.  On  the  portion  of  tbt  rtturn  It)  Mrktd  »8\  avtragt 
groundtpttd  it  WOO  ft  was  SI  knots  tnd  tfUi  winds  wtrt  measured  as  1W  dt)  it  M  knots. 

fl)urt  9 -shows  tiaosphtrlc  profile  data  atisurtd  by  tbt  Twin  Otttr  during  tbt  descent  sounding  froa 
14000  ft.  Tbt  plotted  wind  vectors  and  tbt  bodogriph  show  winds  it  tbt  top  of  tbt  sounding  wtrt  southerly 
near  100  knots,  but  soutbwtstly  and  considerably  weaker  (10  knots)  bolow  1000  ft.  Ttaptralurt  and  dtw  point 
show  ia  Inversion  abort  a  saturated  layer  at  740  ab  with  a  stablt,  Isotbtrail  layer  froa  about  740  to  S70 
ab  (7400*10200  ft).  About  Half  of  tbt  wind  shear  occurred  In  this  laytr,  tbt  rtaalndtr  In  another  stablt 
laytr  near  170  ab.  Tht  upper  shear  laytr  is  cltarly  Illustrated  by  tbt  vlrga  shown  In  Figure  10.  This  photo 
was  taktn  at  )000  ft  looking  west  froa  tbt  position  Indicated  on  tbt  flight  track  plot  (fig.  I).  This 
crosswind  view  shows  precipitation  froa  the  faster  aovlng  upper  air  falling  Into  the  slower  air  Ulow  the 
flight  level.  Tbt  high  winds  encountered  were  oriented  along  the  nearby  surface  cold  front,  which  wis  a 
relatively  common  occurrence  during  CASP  (References  )  and  10). 

8.  WIND  SHOM4,  CROSSWIND  LANDINGS 

During  CASP,  there  wtrt  two  landings  that  were  aide  quite  difficult  by  crosswlnds  and  wind  shear.  The 
first  of  these  occurred  on  Che  January  28  flight  with  the  high  winds  discussed  above,  figure  )  showed  the 
wind  profile  during  the  descent  sounding  right  down  to  the  landing.  This  plot  Indicates  that  winds  on 
coproach  were  SSV  at  about  10  knots.  The  tower  called  the  winds  as  220/250  deg  true  at  IS  to  20  knots  one 
alnute  before  landing  on  the  runwiy  which  had  a  true  heading  of  2SS  deg  (true  headings  art  quoted  here  to 
correspond  with  the  plots  froa  tht  flight-recorded  data).  Perhaps  due  to  tht  effects  of  hangars,  the  actual 
winds  encountered  In  the  landing  had  a  considerably  wore  southerly  (crosswind)  component  than  reported  by 
the  tower.  The  Twin  Otttr  has  a  low  wing  loading  (approximately  24  psf)  and  a  very  large  vertical  tail, 
which  can  be  troublesome  when  landing  In  crosswlnds  in  excess  of  Is  knots.  The  approach  wis  aade,  therefore, 
with  a  reduced  flap  setting  (IS  deg)  and  a  target  touchdown  speed  of  about  90  knots.  After  touchdown,  the 
pilot  had  difficulty  Maintaining  runway  heading  as  the  aircraft  attempted  to  weathercock  Into  wind. 
Consequently,  he  decelerated  cautiously  so  as  to  Maintain  rudder  effectiveness,  and  a  landing  ground  roll 
almost  twice  the  norrnl  distance  resulted.  Heavy  braking  of  the  starboard  nalnwheel  required  to  assist  in 
directional  control  produced  considerable  tread  wear  on  that  tire. 

Data  recorded  during  this  approach  and  landing  are  shown  as  analog  traces  In  Figure  II.  The  bottom 
two  traces  show  the  headwind  and  crosswind  components  oF  the  total  wind  vector.  Note  that  the  aircraft 
Instrumentation  Is  also  capable  of  Measuring  winds  during  the  rollout  on  the  ground.  The  centreline  of  the 
heading  trace  represents  the  runway  heading  (26S  deg  true).  During  the  approach,  the  wind  direction  averaged 
about  200  deg,  but  with  a  gradual  shearing  to  a  aore  southerly  direction.  The  magnitude  of  the  headwlnd 
decreased  during  the  approach,  but  the  erosswlnd  re*alned  strong,  fluctuating  about  a  15-knot  mean  during 
the  last  40  seconds  before  touchdown.  It  was  quite  turbulent  with  gusts  of  about  10  knots. 


The  heading  trace  on  Figure  11  shows  that  during  the  approach,  the  aircraft  was  pointing  left  of  the 
runway  centreline  to  compensate  for  the  wind,  with  correction  to  the  runwiy  heading  at  touchdown  (Paint  'B* 
on  the  plot).  Shortly  after  touchdown,  there  was. a  significant  Increase  In  the  crosswind  to’about  20  knots. 
The  aircraft  heading  then  began  to  veer  to  the  left,  reaching  a  heading  nearly  9  deg  left  of  the  runway 
heading  at  *A'  ab'-sl  II  seconds  after  touchdown.  Recovery  was  then  effected.  Note  that  the  time  of  this 
recovery  coincides  with  a  change  In  wind  direction,  and  a  resultant  decrease  In  the  crosswind  component  at 
Point  'A'  on  Figure  11. 

The  second  case  study  Involves  the  approach  after  a  snow  sampling  flight  on  Februaryj22,  1986.  During 
this  storm  (Ref.  7),  snowrall  acclmwlatlons  in  some  parts  of  Nova  Scotia  exceeded  75  cm,  breaking  100  year 
records.  Near  the  time  of  landing,  there  was  a  low  pressure  centre  of  993  mb  southwest  of  Nova  Scotia. 
There  were  also  some  Interesting  precipitation  patterns  occurring  around  that  time.  Halifax  International 
Airport  received  30  cm  of  snow,  while  25  km  away,  only  a  few  centimetres  of  snow  fell  at  Shearwater  before 
the  precipitation  changed  to  freezing  rain  for  one  hour  followed  by  40  nm  of  rain.  The  region  of  rain  was 
over  the  water  while  the  snow-  region  was  over  land.  There  were  strong  directional  wind  shears  and 
accelerations  linked  to  the  coastline  (Ref.  9). 

Analog  plots  like  those  discussed  In  the  above  case  are  presented  In  Figure  12.  Runway  11  (true 
heading  of  085  deg)  was  <n,use.  Winds  down  to  a  height  of  about  100  m  on  the  approach  averaged  020  deg  at 
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about  27  knots,  point.-  the  aircraft  began  u  encounter  *  directional  wind  shear  as  the  wind  shifted 
to  a  more  nortNrl),  heading.  It  alio  became  vtry  turbulent,  with  gusts  In  excess  of  IS  knot*  for  the 
remainder  of  t h*  approach.  Iho  wind  their  It  further  demonstrated  by  tVl  bottom  t*o  traces  Inflguro  12, 
where  i ho  headwind  C!*pO«enl  died  Off,  but  the  mean  cnmwtnd  component  remained  above  li  Knott  until  the 
aircraft  height  was  tW  to  49  ■,  and'ihen  deereoictJ  to  About  8  Knott  by  S  itce«ds  prior  to  touchdown.  At 
this  point  ('S'  In  tie  figure),  tho  radar  altlnoter  height  was  About  5  n  And  tht  wind  ot  An  alaoit  pure 
crosiwlnd  free  about  949  dtg  true.  Ihe  Matured  wind  It  thtn  teen  to  IncrtAit,  with  the  erottwlnd  component 
exceeding  1$  Knott  dicing  the  touchdown  And  subiequent  ground  roll.  After  touchdown,  the  wind  shttrtd 
further  to  the  norlhwUJt,  giving  4  tailwind  component  In  addltlnn-to  the  substantial  erottwlnd.  Some 
difficulty  wjt  experienced  maintaining  runway  heading,  but  the  ground  roll  wit  leti  then  half  that  in  the 
cite  Above.  At  con  be  teen  In  the  true  airspeed  plot,  touchdown  In  this  cote  w»*  mad e  At  near  40  Knott, 
suggettlng  that  the  nor**?  landing  flop  configuration  was  used. 

AgAtn  in  this  cam,  the  wlndi  reported  by  the  lower  were  significantly  different  fro*  those  experienced 
by  the  pilot  and  recorded  by  the  Aircraft  w|nd-*Aivrlng  sysv//a.  Ihe  last  tower  report  on  the  volet  tape 
quoted  wlndt  from  010  deg  true  At  IS  Knott.  Wien  the  aircraft  wat  at  about  S  *  altitude,  the  aircraft. 
•Matured  wind  direction  wat  actually  about  3S9  deg.  Ihe  approach  end  of  Runway  II  wat,  however,  downwind 
of  a  hill  and  wat  dltpltetd  at  lean  a  half  mile  from  the  tower  that  Matured  the  airfield  wind!.  Wind  shear 
and  loci!  topographical  efftett  can  account  for  the  difference!  experienced  during  both  then  catet. 

7.  TURBULENCE 

During  the  CASP  flight  program,  the  Twin  Otter  did  net  "experience  any  severe  turbulence  encounter!. 
Two  Ineldenti  of  llght-to-moderate  turbulence  were  found  to  be  Interesting  fro*  a  *et*oraloglt*l  point  of 
view.  Tho  first  occurred  early  In  the  first  flight  on  March  2  >  which  wit  one  of  the  Icing  flights  dlscutted 
In  Section  3,  The  aircraft  wit  making  cloud  physics  Masurements  it  8099  ft  In  a  banded  radar  echo  structure 
{Fig.  13)  typical  of  thote  responsible  for  much  of  the  precipitation  produced  by  east-coast  stores.  Three 
minutes  after  the  radar  photo  was  taken,  the  aircraft  entered  the  clearing  between  the  bands  (#A*  In  fig. 
II).  In  about  30  seconds  of  flight  (about  2  In),  both  the  tenperature  and  dew  point  Increased  4>S  dag  C 
(figure  14).  This  was  accompanied  by  in  increase  In  wind  speed  of  about  10  ops,  and  toae  light  to  moderate 
turbulence.  Peak  vertical  gust  velocities  were  about  3  ups,  and  vertical  acceleration  excursions  were  of 
the  order  of  0.2  to  0.3  C. 

The  second  case  was  recorded  on  february  S.  1986  just  after  the  aircraft  levelled  off  at  10009  ft  fro* 
a  climb  through  clouds,  figure  IS  lhowj  the  sudden  onset  of  light  turbulence  superl»posed  on  noticeable 
waves  In  the  traces  of  the  orthogonal  wind  components  and  the  Misured  static  temperature.  The  period  of 
the  waves  Is  approximately  30  seconds,  which  corresponds  to  a  wavelength  of  about  2  kilometres,  since  the 
aircraft  was  flying  almost  dlractly  Into  the  wind.  A  photograph  taken  during  this  event  showed  waves  on 
the  top  of  the  clouds  SCO -1000  *  below  the  flight  level.  Data  fro*  the  sounding  recorded  IS  Minutes  earlier 
are  shown  In  Figure  16,  Ihe  waves  and  turbulence  were  encountered  at  a  pressure  level  of  640  ah,  Just  above 
a  s«all  Inversion  Indicated  at  point  *8'  on  the  tephlgra*.  Ihe  wind  data  show  a  considerable  amount  of  shear 
associated  with  a  much  larger  inversion  below  GCO  mb. 


I.  CONCLUSION 


The  Canadian  Atlantic  Stores  Progra*was  a  challenging  research  environment  In  wMch'to  sake  airborne 
atmospheric  Masurements  because  of  the  adverse  weather  conditions  experienced.  As  has  been  shown,  It 
offered  a  variety  of  weather-related  operational  difficulties  that  face  airline  and  military  pilots  every 
winter  In  Canada.  Since  the  Twin  Otter  was  fully  Instrumented  for  aircraft  motion,  wind  and  cloud  physics 
measurements,  this  presented  the  opportunity  to  examine  and  report  some  of  these  encounters  in  detail  fro* 
both  a  flight  research  and  a  meteorological  perspective.  Plans  are  being  made  for  a  second  CASP  experiment 
In  1992,  probably  based  at  St.  Johns,  Newfoundland. 

The  Installation  of  specially-designed  deicing  boots  on  tho  vertical  tall  and  the  wing  and  landing  gear 
struta  provided  an  extra  margin  of  safety  during  flights  In  CASP.  Operators  of  Twin  Otter  aircraft  In  areas 
subject  to  a  high  Incidence  of  airframe  Icing  might  want  to  consider  the  benefits  provided  hi  this  enhanced 
deicing  system. 


9.  REFERENCES 


1.  Stewart,. R.  E. 
Shaw,  R.  W. 
Isaac,  G.  A. 


Canadian  Atlantic  Stores  Program:  The  Meteorological  field  Project.  Bulletin  of 
the  American  Meteorological  Society,  Vol.  68,  »io.  4,  April  1987,  pp.  338-345. 


2.  MacPherson,  J.  I. 
Batll le,  S.  V. 


The  MAE  Atmospheric  Research  Aircraft.  AGARO  Report  Ho.  734,  The  Flight  of 
Flexible  Aircraft  in  Turbulence,  December  1987,  pp.  4-1  to  4-19. 


3.  Mlkkelsen,  K.  L.  Icing  Flight  Research:  Aerodynamic  Effects  of  Ice  and  Ice  Shape  Documentation 

Mcknight,  R.  C.  with  Stereo  Photography.  NASA  TH-8S906  and  AIAA-8S-0468,  January  19BS. 

Ranaudo,  R.  J. 


The  Reasurwaent  of  Alroraft  Perfo mance  and  Stability  and  Control  After  Flljht 
Throvsh  natural  Idris  Condition!.  NASA  IH-S72S5  and  AIAA -K-SIS*,  April  \M. 


tt-6 


4.  Ranaudo,  R.  0. 
KlUtlstn,  K.  1. 
.  ROCnlphl.  R>  C. 

I do,  R.  F. 
Reehorsti  A.  1. 


5.  (Uniode,  R.  0. 
Mittal  sen,  K.  L. 
RcKnljht,  R.  C. 
Perkins,  P.  J. 


i. 


7.  Slrapp,  d.  V. 
Power,  d. 
(UcDooald,  X. 

1<  Stewart,  R»  Ct 
Donaldson,  N.  R, 

9.  Sttvtrli  R.  Ct 
Lin,  C.  A. 
Macpherson,  S.  H. 

10.  Su«*rt,  R.  i, 
Macpherson,  S.  H. 


Perfomance  Degradation  of  a  Typical  Twin  Ciqln*  CoaMutar  Typo  Aircraft  In 
Measured  Natural  loins  Conditions.  RASA  1M-SJ5M  and  A!M-«4>0I?5,  danwary 
im. 


Airworthiness  Standards:  Transport  Category  Airplanes.  FAR  Port  i$,  Section 
2$. 1419  and  Appendix  C,  19*0. 

CASf  Flo Id  Si*»«iy.  Alnosphertc  tnvlron»*nl  Service  Internal  Roport. 


On:.H«  Mature  of  Rapidly  Oh  pan  I  ns  Canadian  Last  Coast  Stems.  Auojphare- 
Ocean,  Vol.  27,  pp.  97M07. 

Mesoscale  and  Rlcroscale  Processes  In  a  Winter  stem  LlnVtd  to  the  Nova  Scotia 
Coastline.  To  be  subdued  to  Monthly  Weather  Review. 


Winter  Stem  Structure  and  Hollins- Induced  Circulations.  Ataosphere*Oc«an, 
Vol.  27,  pp.  S-23, 


TAiLE  1  MICBOPHYSICAL  CONOmOHS  DURING  ICING  EVENTS  IN  CASP 
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FIG.  2:  TRACKS  OF  THE  LOW  PRESSURE  FIG.  3:  THE  CASP  OPERATIONAL  AREA 

CENTRES  FOR  THE  STORMS  STUDIED  IN  CASP  SHOWING  THE  LOCATIONS  OF  THE 

PROJECT  BASE  AT  CFB  SHEARWATER 
AND  POTENTIAL  IFR  ALTERNATES 
FOR  THE  TWIN  OTTER. 
MAXIMUM  AVAILABLE  PROJECT 
FLIGHT  TIME  IS  DEPENDENT 
ON  ALTERNATE  SELECTED. 


FIG.  6:  ICING  CASE  FOR  FIRST  FLIGHT  ON  MARCH  2  SHOWING  ROUGH  ICE 
(a)  ON  AIRCRAFT  NOSE  AND  (b)  ADHERING  TO  THE  WING  STRUT 
DEICING  BOOT  AFTER  UNDING 


HO.  7:  DATA  RECORDED  DURING  tCING  ENCOUNTER  ON 
MCONO  FUOHT  OF  MARCH  2 
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FIG.  8:  GROUND  TRACK  FOR  JANUARY  28,  1986  FLIGHT  IN  HIGH  WINDS 


Doppler  Winds 


FIG.  10:  WIND  SHEAR  ILLUSTRATED  BY  PHOTOGRAPH 
OF  Y.’RGA  TAKEN  AT  9000  FT  ON  JANUARY  28,  1986. 
VIEW  13  LOOKING  CROSSWIND  TO  THE  WEST 
FROM  THE  POSITION  MARKED  ON  THE 
FLIGHT  TRACK  IN  FIG.  8. 


FIG.  13:  RADAR  PHOTO  TAKEN  AT  8000  FT 
AT  1459  GMT  ON  MARCH  2,  1988, 
TURBULENCE  AND  TEMPERATURE 
RISE  WERE  ENCOUNTERED  WHEN 
AIRCRAFT  REACHED  POINT  ’A*  IN 
THE  GAP  IN  THE  PRECIPITATION  BANDS. 


FIG.  14:  TRACES  SHOWING  TURBULENCE  AND  TEMPERATURE 
CHANGE  ENCOUNTERED  AT  8000  FT  ON  MARCH  2,  1936 
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SUMMARY 

A  comparison  ha  tween  a  Close-Coupled  Canard  configuration  am)  a  Cloae-Couplcd 
Tall  configuration  Ivan  boon  developed  In  tarmn  of  Ride  Qualities  and  Pilot  Command 
response  In  turbulence. 

Parameters  of  the  study  are  the  mass  factor  of  the  airplane,  the  static  stability 
and  the  sign  of  the  tralllng-edge  flap  effectivenens  (only  for  the  art-tall  airplane). 
The  known  Ride  Quality  criteria  are  used  in  order  to  assess  the  Plying  Qualities 
of  the  airplane. 

Interesting  conclusions  are  derived  In  terms  of  configuration  sensitivity  and  attenua¬ 
tion  capabilities.  Further  research  Is  needed  In  order  to  ndd  structural  flexibility 
and  unateady  aerodynamics  to  the  design  model.  Pilot  command  responses  arc  In  agreement 
with  the  current  Hying  Qualities  parameters,  but  a  special  purpose  control  law  has 
to  bo  designed  for  good  tracking  in  presence  of  discrete  gusts. 


1.  INTRODUCTION 

The  design  of  an  airplane  la  a  task  which  requires  the  analysis  of  a  large  number 
of  parameters  and  constraints. 

In  this  paper  a  vary  limited  problem  in  discussed,  which  concerns  the  Hide  Qualities 
of  two  configurations  as  shown  In  Fig.  1: 

-  a  close-coupled  canard  with  relaxed  static  stability 

-  a  close-coupled  tall  with  two  frao  parameters;  i.e.  the  static  stability  (negative 
or  posltlvo)  and  the  sign  of  tho  tralllng-edge  flop  effectiveness  (cK4p<°)- 

The  Ride  Qualities  are  assessed  with  reference  to  the  following  criteria; 

-  Exposure  Time  (CALSPAN  CRITERIA,  Fig.  2  from  Ref.  (1J  ) 

-  Discomfort  Index  (DI,  Table  I  from  Ref.  (2)  ) 

-  Crcw-NIsslon  Performance  Limitation  (CNPL,  Table  II  from  Ref.  (3J  ) 

-  Ride-Bumpiness  (Nj^mlnute  from  Ref.  (4J  ). 

Since  the  baseline  configuration  of  both  airplanes  la  statically  unstable  stabilization 
la  achieved  by  using  active  control. 

In  other  words,  control  laws  are  designed  to  stabilize  tho  airplanes  and  optimize 
their  Ride  Qualities. 

For  the  analysed  configurations  the  control  laws  are  also  tested  versus  the  pilot 
Input  (stick  force)  in  order  to  demonstrate  their  quality  in  terms  of  maneuver  command 
response. 

2.  -DE3ICN  PARAMETERS 

The  following  parameters 'have  been  taken  into  account  in  the  design: 

-  the  mass  factor  |i«  W/(Sc  C,  )  which  Is  a  leading  parameter  in  the  Ride  Qualities 

of  airplanes  “ 

-  the  static  stability  which,  In  terma  of  Static  Margin,  is: 

-  4X  c  (unstable)  for  the  canard 

-  AJf^c  (unstable)  and  4#  c  (stable)  for  the  aft-tail 
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-  the  tral llng-cdge  flap  effectiveness  (Ull  configuration  only)  which  can  b«  positive 
*C*IF*°)  or  negative  (Cw4r>0). 

The  Flight  Condition  is: 

-  Mach  number  M  «  .9 

-  Altitude  II  •  150  »  (.500  ft) 

-  turbulence  Input  Dryden  Spectrum 

Th«  control  surfaces  (Fig*  1)  are: 

-  canards  and  Inboard  flaperons  for  the  canard  configuration 

-  tral ling-edge  flap  and  tall  for  the  aft-tall  configuration 

3.  CONTROL  LAW  08310*  METHOD  AKO  CONTROL  SYSTEM  WYOOT 

The  control  law  design  (synthesis)  lias  been  developed  with  the  use  of  the  well 
known  method  called  tho  Linear  Quadratic  Regulator  (LOR):  this  method  offering  the 
following  advantages: 

-  It  easily  handles  complex  systems  where  Multiple  control  surfaces  and  Multiple 
outputs  are  to  be  controlled  (MINO  Systems), 

-  It  handles  large  dynamic  systeas  (large  number  of  state  variables), 

-  It  allows  fast  trade-offs  and  generates  a  large  bulk  of  Information  with  limited 
effort  and  time  expense. 

vuitout  entering  the  details  of  the  formal  developments,  the  designed  control  laws 
have  the  following  properties: 

-  they  are  or  a  Model  Following  typo  (In  the  presence  of  pilot  commands) 

-  they  generate  good  level  of  turbulence  attenuation 

-  they  generate  a  Proportional  Integral  *  Filter  (PJF)  compensation 

-  they  are  developed  including  the  control  actuation  systems  (actuators)  in  the  design 
model. 

In  the  evaluations  of  Discomfort  Index,  Crew  Mission  Performancs  Limitations  and 
Ride  Dumpiness,  the  Power  Spectral  Density  Analysis  Has  been  implemented  in  the  computa 
tlonal  procedure. 

Although  tl*c  LQR  methodology  generates  a  large  number  of  feedbacks  (equal  to  the 
number  of  state  variables  used  In  the  dynamic  system  description),  a  simplification 
has  been  applied  so  that  many  feedback  galna  can  be  nulled  with  no  sensible  impact 
on  the  airplane  performance. 

The  most  important  feedbacks  retained  in  the  control  ayatem  are: 

-  Inertial  angle  of  attack  (•) 

-  normal  load  factor  (n  ) 

-  pitch  rate  (q)  *  «. 

-  gust  angle  of  attack  (S  )  and  rats  (  l  )  which  can  be  estimated  by  on  board  compu¬ 
tation.  8  8 

The  system  lay-out  is  simply  sketched  In  Fig.  3,  where  nil  the  control  compensations 
and  computations  are  Included  in  the  "computer"  block. 

Moreover,  during  the  flight  in  turbulence  and  in  absence  of  Pilot  commands  the  Altitu¬ 
de  Autopilot  (Hold  Mode)  Is  closed  In  order  to  avoid  large  altitude  excursions. 

A.  RIPE  QUALITIES  PERFORMANCE 

The  Ride  Qualities  of  the  configurations  in  term  of  Bumpiness  and  CMPL  are  summa¬ 
rised  In  Fig.  A  and  S  where  the  limits  of  RefB.  (  A  )  and  (  3  )  are  also  indicated. 

Figure  A  shows  the  trend  of  Bumpiness  versus  the  airplane  mass  factor  a  ,  the  airplane 
stability  (SM)  and  the  tralllng-edge  flap  effectiveness  (for  the  aft-tall  configura¬ 
tion). 

The  following  pointB  have  tobe  highlighted: 

-  for  the  same  mass  factor  a ,  the  canard  configuration  Is  the  "most  sensitive"  to 
turbulence, 

-  the  stable  aft-tail  Is  the  "least  sensitive" 


•  tlx  unstable  a  ft- tall  Is  more  sensitive  than  the  stable  aft-tatl .  and  s  negative 
T.S.  flap  effectiveness  worsens  the  behaviour. 

ft*.  S  shows  the  GMPI.  trend  versus  the  same  parameters. 

this  Rl$e  Duality  seems  to  ee  In  good  agreement  with  the  Sleepiness  Characteristics. 
Other  Hide  Ovalities  such  as  the  Biscemrart  Index,  are  shown  in  table  III,  Here  infor¬ 
mation  can  be  found  In  terms  of  Root-Moan-5qu#r«  (k*3)  of  the  airplane  states  set 

-  attitude  { *) 

-  pitch  rate  (q) 

-  normal  lead  factor  at  the  Pilot  station  {%„.,) 

-  altitude  (h)  * 

Indications  are  alee  supplied  concerning: 

-  control  surfaces  actuation  rate  (maximum  value) 

-  control  surfaces  deflection  (maximum  value), 

from  the  data  in  table  III  it  1s  evident  that  the  canard  configuration  features  tne 
"lowest  attenuation  capability"  among  those  analysed.  A  simple  explanation  can  be 
drawn  from  fig.  6.  In  the  canard  configuration  it  is  in  fact  evident  that  the  "main 
attenuation  surface"  (which  Is  the  Inboard  flaperon)  generates  s  pitching  moment 
in  the  wrong  direction,  In  the  aft-tsil  architecture  the  main  attenuation  surface 
(which  is  the  Tic  flap)  can  generate  a  pitching  moment  in  the  right  direction. 

Another  aspect  that  can  be  noted  from  Table  III  concerns  the  canard  control  rate 
which  rapidly  saturates  in  the  attempt  to  counteract  the  wrong  pitch  action  or  the 
Inboard  flaperons. 

Also  the  aft-tall  architecture  with  C  0  is  affected  by  the  same  drawback,  and 
the  general  behaviour  is  not  better  than  the  canard  because  of  the  tall  surface  lower 
control  rate  allowed. 

In  the  present  design  tlx  following  maximum  values  have  been  retained  fc:-t?x  control 
surfaces  rate: 


CAHAHP  COmnCUSATlOm 

^CAK.max  i  »•'*«•  W.max  * 

AFT-TAIi.  CQMf iCUHXTIOH 

Vui'.max  ■*  '*°*/s<!C'  itAIb.ma*  *  70'fMa 

These  values  are  of  course  lower  than  tlx  maximum  values,  the  current  technology 
would  permit,  tlx  reason  for  this  is  that  have  been  margins  kept  for  superimposed 
pilot  commands  and  discrete  gust  encounters. 

Ttx  responses  to  a  discrete  bell-shaped  gust  (1-cos)  with  a  maximum  intensity  of 
«  «  2.6  deg  mnd  wave  length  of  306  m,  are  shown  In  fig.  7a  for  the  canard  configura¬ 

tion  and  in  fig.  8a  for  the  tail  configuration  with  C  „>0. 

It  la  evident  that  the  control  surfaces  maximum  rate*  are  within  tlx  desired  limits 
and  tlx  control  surfaces  maximum  deflections  arc  within  tlx  limits  of  known  airplanes, 
from  the  airplane  attitute  (•)  time  history  it  is  easy  to  draw  tlx  preliminary 
conclusion  that  the  designed  control  law  has  a  poor  performance  in  terns  or  target 
tracking  in  tlx  presence  of  discrete  gust. 

In  order  to  demonstrate  the  attenuation  belxviour  of  tlx  two  configurations  in  tlx 
frequency  domain  the  Power  Spectral  Densities  are  shown  In  Fig.  7b  for  tlx  canard 
and  in  Pig.  8b  for  tlx  tail. 

5.  PILOT  COMKAMO  PERFORMANCE 


The  responses  to  a  pilot  command  (Stick  force  input  «*  10  lbs)  are  shown  In  Fig.  7c 
for  tlx  canard  configuration  and  in  Fig.  8c  for  t?x  tail  co-figuration  with  C-4_>0. 
Tlx  reference  Model  la  built  according  to  tlx  NIL-F-0785C  with  the  following  characte¬ 
ristics: 


CSP  MOD  “  1,0  for  th®  csnard 


SP.MOD 


.60  for  the  tail 


CAP 


1  for  both  configurations 


i  10  't 1*4/ ft  C 


IW 


*sp,noe 

The  Flying  Qualities  of  the  controlled  airplane  are  assessed  in  terms  of: 

.  Tim*  M«wm  Parameter  (T.R.P.  as  In  Kef.  (S)  ) 

-  Squivalent  ftU*  (aa  In  Her.  Ifil  ) 

-  Attitude  Drepback  (a*  In  Kef.  I?J  ) 

-  Flight  path  angle  delay 

-  Frequency  Reeponae  (as  In  Kef.  (6)  ). 

The  obtained  performance  la  shewn  In  Table  IV  and  indicates  that  the  control  law 
designed  for  turbulence  attenuation  purposes  performs  well  also  in  presence  of  pilot 
commands. 

The  responses  are  well  damped  and  the  control  surface  mes  are  well  within  the  Halts: 
the  design,  therefore,  setae  to  be  well  balanced  for  commands  and  turbulence  attenua¬ 
tion. 

The  frequency  Keaponses  to  a  pilot  stick  force  are  shown  in  fig.  Yd  and  8d  and  are 
in  good  agreement  with  those  suggested  in  Kef.  ( 8)  for  good  pitch  tracking. 

6.  CONCLUSIONS  ANO  FURTtttK  WORKS 

A  comparison  between  a  canard  configuration  and  an  aft-tail  configuration  lias 
been  presented  in  teres  of  Kido  Qualities. 

The  trade-off  deaonstratea  that  a  eloee-eoupled  canard  la  wore  sensitive  to  the 
a tao spheric  turbulence  than  a  close-coupled  tall. 

The  airplane  stability  has  an  iaporiant  iapsec  on  the  perforaance  since  the  stable 
tall  alleviates  the  turbulence  effects  better  than  the  unstable  tail. 

The  aass  paraaeter  ( v)  is  the  leading  parameter,  but  other  iaportant  parameters  are: 

-  stability  margin 

-  pitch  moment  of  Inertia  (Jy) 

Kesulte  not  reported  In  this  paper  indicate  that  on  Increase  in  the  pitch  radius 
of  inertia  (»  )  has  a  positive  Impact  on  Ituaplneas  if  the  configuration  Is  statically 
unstable.  * 

The  Side  Quality  criteria  tnday  available  represent  a  good  guideline  In  the  preliminary 
design  of  a  modem  airplane.  If  the  basic  configuration  is  statically  unstable  then 
t)ie  Impact  of  the  automatic  control  systea  becoaes  very  Important  and  an  integrated 
design  (aerodynamics  plus  control  systea)  is  necessary. 

The  control  law  designed  for  turbulence  attenuation  generates  good  airplane  response 
to  pilot  commands.  This  aspect  obviously  requires  more  study  because  the  Handling 
Qualities  should  be  assessed  also  In  terms  of  other  tasks.  Nevertheless  the  control 
law  designed  In  this  study  should  allow  the  pilot  to  perform  a  pitch  tracking  task 
In  presence  of  atmospheric  turbulence  with  good  results. 

Wore  work  of  course  Is  needed  In  this  field. 

Adding  structural  flexibility  and  unsteady  aerodynaaics  should  Improve  the  design 
model  quality  and  generate  more  credible  Information  In  terms  of  effective  allevia¬ 
tion  and  more  realistic  vfilueo  for  the  maximum  control  surfaces  rates. 

Tn  terms  of  control  law;  It  should  bo  necessary  to  demonstrate,  with  Nan-ln-the-Loop 
simulations,  the  real  Hocking  capabilities  in  presence  of  turbulence.  The  airplane 
pointablllty  In  presence  of  discrete  gust  also  Is  an  important  problem  and  should 
be  addressed;  but  the  attitude  time  history  in  figs.  7a,  8a  demonstrates  that  the 
designed  control  law  is  not  well  suited  for  Alr-to-Alr  Gunnery  or  Strafe  Node  where 
a  tighter  control  of  the  airplane  attitude  is  required. 

Therefore,  a  special  purpose  control  law  has  to  be  designed  for  this  task. 
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TABLE  I  -  DISCOMFORT  tflDCX  (USSR'S  GUIDE  MIL-F-3A90) 


RIDE  DISCOMFORT 
INDEX#  01 

FLIGHT  PHASE  DURATION 
(EXPOSURE  TINE) 

PROBABILITY  OF  EXCEEDING 

RNS  TURBULENCE  INTENSITY 

LONG  TERN  0,30 

OYER  3  HOURS 

0.20 

REQUIREMENT  0.13 

FROH  1.5  TO  3  HOURS 

0.20 

0.20 

FROM  0.5  TO  1.5  HOURS 

0.20 

SHORT  TERN  0.28 

LESS  THAN  0.5  HOUR 

0.01 

REQUIREMENT 

TABLE  II  -  CREW-MISSION  PERFORMANCE  LIMITATIONS  (C.M.P.l.) 


CHPL 

AIRCRAFT 

ACCEPTABILITY 

MISSION  PERFORMANCE 
l  CREW  EFFORT 

.07 

ACCEPTABLE  FOR  UNLIMITED 
EXPOSURE  TINE 

MISSION  PERFORMANCE  NOT  AFFECTED 

.M 

ACCEPTABLE  NORMAL  OPERATION 

MISSION  PERFORMANCE  ADEQUATE 

.21 

ACCEPTABLE  NORMAL  OPERATION' 
NOT  EXCEEDING  ALLOWABLE 
EXPOSURE  TIME 

ADEQUATE  FOR  MISSION  SUCCESS; 
REASONABLE  PERFORMANCE  REQUIRES 
CONSIDERABLE  CREW  CONCENTRATION 

.28 

UNSATISFACTORY  FOR  NORMAL 
OPERATIONS!  UNACCEPTABLE 

WHEN  EXCEEDING  ALLOWABLE 
EXPOSURE  TIME 

AH&IATE  FOR  MISSION  SUCCESS,  BUT 
REQUIRES  MAX,  AVAILABLE  PILOT/CREW 
CONCENTRATION  TO  ACHIEVE  ACCEPTABLE 
>.  PERFORMANCE 

.55 

UNACCEPTABLE  EXCEPT  FOR 
EMERGENCY  CONDITIONS  ' 

INADEQUATE  PERFORMANCE  FOR  MISSION 
SUCCESS;  AIRCRAFT  CONTROLLABLE 

WITH  MINIMUM  COCKPIT  DUTIES 

.U2 

UNACCEPTABLE.  DANGEROUS 

AIRCRAFT,  JUST  CONTROLLABLE  REQUIRING 
MAX.  PILOT  SKILL;  MISSION  SUCCESS 
IMPAIRED 

1 

t 


!  i 

’?  f 


-  n 


TABLE  III  -  RIDE  QUALITIES  PERFORMANCE 


CONFjGURATjO* 

CANARD 

UNSTABLE  TAIL 

UNSTABLE  TAIL 

STABLE  TAIL 

PERFORMANCE 

« 

<CN* 

(Cn«f  -> 

(C«*c  ♦> 

ATTITUDE 

(DCS) 

AMS 

45 

.00 

.1 

.1 

PITCH  RATE 
(ocs/sec) 

HNS 

4, 

,A6 

>A2 

.AS 

NORMAL  LOAD  FACTOR 

(«)  HNS 

.23 

.21 

.23 

.19 

ALTITUDE 

(n) 

HNS 

A.5  s 

3.7 

5.2 

A. 2 

FORWARD  DEFLECTION 

(DCS)  WAX 

6;s 

3 

A 

2.75 

AFTERWARD  DEFLECTION 

(DCS)  MAX 

I 

2.5 

.7 

1.A2 

.9 

FORWARD  RATE 
(dcs/scc) 

NAX 

A7.5 

AO 

A2.5 

AO 

AFTERWARD  RATE 
(dcs/scc) 

NAX 

17.A 

12.2 

21.5 

13,56 

Ni/2g  •umm/nirl 

18?20 

1245 

21t2A 

Sr7 

DISCOMFORT  INDEX 

.2A 

.21 

.23 

.18 

C.M.P.l. 

.2 

.17 

.2 

.15 

TABLE  IV  -  PILOT  COWARD  PERFORMANCE 


CONFIGURATION 

PERFORMANCE 

CANARD 

UNSTABLE  TAIL 

<C«,a 

UNSTABLE  TAIL 

<w  -> 

STABLE  TAIL 

(C  ♦) 

'  n«fl  ' 

CONTROL  ANTICIPATION 
PARAMETER 

.512 

.5 

.51 

.A6 

TIME  RESPONSE 

PARAMETER 

.13 

.1A 

45 

.13 

DROPBACK 

.15 

.12 

.16 

.15 

SLOPE  TIME  CONSTANT 

.25 

.20 

.17 

.19 

FIGl  6  -  CONTROL  SURFACES 
EFFECTIVENESS 
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Alleviation  and  its  Influence  on  Structural  Design 


by 

M.  Motto*  ,v«4(J  of  Siiucturftt  Dynamics 
R.  Meebesl.Mead  of  Loads  Department 
MSB  OmbH  US-Transport*  u.  Vetkohrtfj.rpieuge 
Dynamic  D«partmoni-TE  24 
P.O.Box:  050109 
Kreetstig  10 
2103  Hamburg  05 
Woat  Germany 


Abstract 

Tod*/  modern  AfC  designs  use  fly-by-wire  (ogeiher  v»Hh  control  taws  to  make  this  A/C  comfortable  for  handling  In  service.  In 
add li Ion,  this  Implies  an  attractive  chance  for  *  lot  of  protections  and  limitations  with  the  aim  to  Improve  handling  quality 
characteristics  or  to  protect  tho  aircraft  against  overloading.  Examples  are 

•  Overspeed  protection 

•  Load  factor  protection 

•  Stall  protection 

Another  chance  Is  the  Implementlon  of  load  AS>a ittf-an  functions  (LAF). 

To  optlmlro  the  ovorslt  A/C  design  a  clcse  de-operation  between  the  dllferoni  disciplines  like 

8y*tems 

•  Handling  Quality 

•  Aerodynamics 

•  Loads 

•  Stressing 

Is  needed,  not  to  cancel  the  benefits  In  one  discipline  by  handicaps  or  additional  weight  In  others. 

This  lecturo  describes  tho  different  problems,  which  have  carefully  lo  bo  watched  In  relation  of  Interference  lo  eacn  other  lo 
reach  an  overall  opflmum. 
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Abbreviations 


AMrrevfe  i/err 

Oticrlpt/on 

A/C 

Aircraft 

HTP 

Horizontal  TalipUne 

sir 

Slats/Flaps 

r»w 

Fly  by  Wlra 

(FCS 

Electrical  Flight  Control 
Systems 

IAF 

load  Alleviation 
Functions 

CIA 

Oust  Load  Alleviation 

MU 

Maneuver  Load 
Alleviation 

Cl 

Control  law 

HQ 

Handling  Qualities 

SF 

Safety  Factor 

LI 

limit  load 

Ul 

Ultimate  Load 

1 

Failure  Slate 

P 

Failure  Probability 

AMvevfattan 

0e  serf?  den 

Vc 

Cruising  Speed 

VMO 

Maximum  Operating 
Speed 

mmo 

Maximum  Operating 
Machnumber 

VD 

Olv*  Speed 

* 

A/C- Bank  Angle 

*e 

Batik  Angle  Command 

•* 

A/C  •  Roll  Velocity 

*e 

Roll  Velocity  Command 

N2 

A/C  •  Vertical  load 

Factor 

NZ* 

A/C-Loid  Factor  Induced 
by  banking 

ANZC 

Load  Factor  Ccmmand 

Q 

A/C-Pitch  Attitude 

0* 

A/C-PItch  Velocity 

r 

A/C  •  Yaw  Velocity 

» 

A/C  -Sideslip 

AMs 

Reduction  or  Increase 
of  Bonding  Moment 
relative  to 
denned  Basis 

1.0  Introduction 

The  progress  In  eledionlcj  and  computer-techniques  end  tho  decrciso  of  prices  In  this  Held  let  the  designers  In  ihe  civil 
Aircraft  Industry  start  thinking  about  the  attractions  the  usage  of  this  could  have  In  civil  aviation. 

Based  on  the  experience  In  the  military  lighter  area  and  suporsonlc  civil  transports  they  came  to  the  conclusion  that  there  Is 
a  big  amount  o(  attractions,  II  the  standards  cl 


•  RatlabllHy 

•  Safety 

•  Inspection  Intervals 
usual  In  civil  aviation  can  bo  at  least  guaranteed  or  better  Improved. 

Further  Investigations  showed  that  this  would  bo  tho  case  II  some  conditions  aro  accepted.  These  conditions  rosutt  mainly 
from  the  extremely  high  Interference  belweon  different  technical  disciplines  designing  an  A/C  with  electrical  (light  control 
systems  (EFCS),  control  laws  and  possibly  load  alleviation  functions  (LAF). 

Tho  competitive  situation  In  the  civil  A/C  market  Is  such,  that  an  A/C  design  must  be  an  overall  optimum  to  be  successful  It 
Is  therefore  not  acceptable,  as  It  was  sometimes  in  tho  past,  to  havo  an  optimum  in  one  discipline,  say  aerodynamics  snd  only 
suboptima  In  tho  other  Holds, 

To  hive  an  overall  optlm  ,m  requires  a  close  cooperation  o(  several  disciplines  from  Ihe  early  beginning  to  have  a  chance  to 
meet  this  target. 
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O ef  tticxMlsnct  U.  that  i  Mi  has  (o  bo  teamed  and  trained  again  end  again  before  ft  e*n  be  it  jay  rested.  So  K  la  t  danger  to 
l«!a!t  £fCS  end  *!»  these  feature*  with  the  only  Urge!.  to  reach  attractive  handling  seaKils*  wSmevt  reading  **41  ltd*  COuW 
mem  to  leads,  patter,  strvciures,  and  to  structural  weight. 

TW*  pr  ei  entatien  deal*  with  the  Interference  between  the  ryvtstns  and  irractursl  layout  e<  *  today  civil  fJC  design. 


2.0  Exampl*  of  a  Systems  Layout  of  a  Today  Transport  Aircraft 

European  aircraft  manufacture*  made  a  big  step  forward  in  Introducing  In  their  no*  delivered  civil  transport  WC  generation 

Electrical  FSgM  Control  Sptoroa  |IFC  J) 

already  known  {<om  iho  military  fighter*  a*  *Fty  0  y  Wits*  (Few)  together  wfth  control  laws  but  especially  {.tied  to  ths  'civil 
vothr. 

Figure  t  eho«t  the  overall  arrangsmeM  tot  ms  total  ATC  amt  the  control  surfaces  with  iheir  partially  muttdvncison. 

In  Flouts  3  on  pass  14*5  a  scheme  I*  given,  e>  plaining  the  EFCS  Inatallatlon  In  Its  eastern  axis 


•  Pitch  Control 

•  Roll  Control 

•  taw  Control 


and  the 


*  Load*  Alleviation  Function  (LAF) 


integrated  In  the  pitch  control  string. 

Figure  3  on  page  1 4-5  shows  In  more  detail  ths  pitch  control  (tom  the  side  stick  via  C-Siar  Law  to  the  tailplane  and  elevator. 


I  Hwt  l  IKt  IwMiiiiM 
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Figute  4  thaw*  the  scheme  of  the  lateial  cem.iois  (n  the  combination  of  rott  and  yaw  a»i*.  AUo  here  a  contio)  taw  u  installed, 
»htth  wors*  sj  a  eomaination  of  foil  and  y»w  cenitol  Uw,  depending  upon  the  fact  horn  where  me  escftatlen  {stto.  or  pedal) 
I*  coming.  In  iht*  tfd  Ujoot  i ha  citing  how  tha  pedal*  is  the  (udder  U  mechantcaSy  tlrted,  to  figure  J  on  pass  ta-4,  a 
scheme  for  a  Oust  Load  ABavfaiion  (GL  A)  a*  a  function  of  Ihe  e»i»ilng  pitch  control  law  Is  shown.  worUng  on  me  two  outer 
spotter*  and  an  outer  attaron.  The  target  of  thu  OLA  ft  to  reduce  wing  bonding  tty  destroying  part  of  the  additional  let  Induced 
by  a  vertical  discrete  gutt. 

The  reduction  of  the  wing  roof  bending  hay  the  order  of  magnitude  of  about  IS  H  tithe  gust  Increment.  The  system  becomes 
active  after  overriding  a  threshold  of  ANZ  »  03  g. 


3.0  Design  Concept 
3.1  Handling  Quality 

ft  Is  easy  to  uoderslind,  nearly  obvious  tg  EfCS,  FBW,  and  conirel  law*  as  a  chant#  to  give  an  A/C  aiiraeihre  handling 
qualities  (HO).  because  i ha  control  law  give*  neatly  no  limitations  tn  doing  so. 

Tht  first  stop  In  tho  overall  control  law/systems  layout  therefore  will  bo  to  specify  an  attractive  HO  and  establish  a  control  law 
concept,  which  hss  a  chance  of  realization  In  soft-  and  hardware.  This  first  concept  wifi  be  established  without  being  Influ¬ 
enced  by  the  structures  discipline.  One  handicap  already  atlaet  from  the  lad,  that  the  gains.  time  constants  and  Umo  delays 
are  hlehty  depending  on  the  aerodynamic  data  used,  which  will  be  not  very  welt  settled  In  this  early  stage  el  the  program. 

ft  was  found  to  be  recommendabte  to  Investigate  as  a  reference  basis  always  (he  A/C  without  control  laws  (reference  AfC). 
Furthermore  ft  was  found  necessary  to  undertake  sensitivity  studios  to  give  all  Involved  disciplines  an  Idea  what  margins  of 
variation  'ould  a'fse  from  dovelopment  of  HQ-requlrements  and  what  Ihla  means  as  Impact  on  structural  weight. 


3.2  Structures 

The  situation  of  the  structural  design  must  be  regarded  from  the  history,  ft  has  to  bo  reminded,  that  sialic  design  of  structuro 
was  done  In  Iho  post  based  on  static  design  loads  resulting  from  artificial  severe  design  condition  as  A/C  response  In 

*  Osslgn  Ousts 

*  Osslgn  Maneuvers 

*  Design  Lending  Conditions. 

In  these  calculations  the  A/C  was  modelled  precisely  In 


•  Geometry 

•  Messes 

•  Flexibility 

•  Atrodynamlcs 


and  responding  due  to  a  defined  excitation  as  function  of  lime  or  frequency  In  Its  rigid  and  fioxlblo  body  modes  taking  Into 
account  steady  distorted  and  unsteady  aerodynamics.  Non  linearities  were  taken  Into  account  as  far  as  rolovant  for  that 
problem.  This  shows  that  the  A/C  realization  Is  very  realistic,  which  had  to  bo  validated  by  flight  test,  but  Iho  artificial  pari  was 
the  excitation  Input.  This  Input  normally  defined  as 


J4*7 


•  Centre!  Surface  Deflection  fit  f(<) 

•  Cut!  5h.*.p«  ami  Intnr.ttly 

•  f  u!«  of  Ooeeefi’. 

feielflng.lrom  I  ho  airwoffhioes*  requirement  J  AS/FAR  had  to  b«  faVen  lots  account  extremely  severe  and  tar  beyond 

operational  or  handling  need*. 

Tha  iMrcducHOit  of  control  law*  led  to  the  situation  where  lhi*  control  outface  etcfistlen  became,  depending  oo  the  eonttot 
tavri.  such  different  from  the  oW  required  owe  (hat  Ifeeff  further  use  was  felt  (o  bo  foe  unrealistic  and  tee  far  fiom  Vtat  hap* 
pen*  at  the  surface  after  a  pitei  tfipet,  As  an  sMmple  the  unchecked  maneuver  mignl  be  mentioned.  Figure  6  and  Hguta  7 
snow  the  different  Ifme-hlttoffe*  with  »nd  without  Control  taw  (Cl).  Without  Ct  the  surface  deduction  equal*  tho  column 
ma*smeni.  with  Ct  the  aUckdefleetton  (pilot  command),  and  concoquondy  tunaco  deflection  It  totally  different,  prodveing 
naturally  alto  different  AfC  bohavtcitr  and  taltplane  load*  a*  shown  In  Fljurn  8  to  Figure  to  auf  3ebe  U*8. 

A  slmit.tr  behaviour  of  deration*  shd  reaction*  «4n  bo  observed  In  Figure  1 1  auf  Sotto  M-8  to  Figure  16  auf  Setto  t-t-0  lor  a 
chocked  dealgn  manauvof  use  *  sinusoidal  movement  of  atdojtlek  re*p»;«lvoty  elevator. 
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•  Systems  Architecture  end 

•  Systems-Parameters. 

Hero  It  It  («tt  necessary  to  say  thal  with  this  development  a  totally  now  way  ol  Interdisciplinary  work  was  requested. 
Figure  17  on  pago  14-10  shows  In  a  llow  chart  Ihe  development-cycles  ol  an  aircraft. 


In  Ihe  design  philosophy  ol  a  conventions!  A/C,  II  was  acceptable  lhal  the  different  disciplines  worked  nearly  Independent  (rom 
each  other  In  parallel  with  K-.ioar  models. 


The  system  controlled  A/C  requests  because  ol  Ihe  high  Interaction  ol 


•  Aerodynamics 

t»  Handling  Qualities 
'  ♦  Systems 

•  Structures 

a  close  cooperation  ol  these  disciplines  In  all  phases  ol  design.  Taking  Into  sceount  the  different  non-linearities  Is  now  a 
'must'. 


flnf  If,  A/C  Cyckt 


Because  the  control  Uw  will  m»V«  tho  excitation  smoother  thin  In  th«  old  minouvar  doslgn  conditions,  wo  coutd  expect  In 
general  tor  tho  EFCS/Cl-A/C  a  lower  maneuver  design  load  level  (or  tho  non-falluro  condition  than  (or  tho  convontlonal  A/C. 
This  Is  an  Important  aspect  In  tho  light  ot  reducing  A/C  weight  and  Improve  tho  overall  A/C  oltldoncy. 

Having  stated  this  tho  handling  qusllty/systems  export  might  not  understand  why  dose  cooperation  with  toads/structures  Is 
required. 

Howovor,  systems  supported  A/C'a  also  tend  to  fly  In  stability  regions,  which  would  not  have  been  used  (or  conventional  air* 
plane.  This  produces  on  the  other  hand  higher  loads,  (or  Instance  from  gusts  because  the  damping  Imposed  by  system  Is  just 
enough  (or  handling  quality  criteria  but  (or  the  special  selected  critical  cases  (or  structural  doslgn  It  could  be  hero  and  thoro 
very  limited  and  though  Increasing  gust  loads  over  maneuver  loads  lor  HTP,  a  component  which  Is  conventionally  designed 
by  vertical  maneuvers  (see  Figure  18  on  page  14*11  and  Figure  IS  on  page  14*11), 

This  requires  that  an  acceptable  compromise  between  HO*aspects  and  structural  Implications  has  to  bo  found,  not  lo  penalize 
the  structural  design  by  optimization  only  to  HQ*aspects, 


As  an  o«srop!o  (or  ih«  effect  of  different  pains  In  Figure  M  It  sliown  the  remitting  tallplana  banding  lima  histories  tor  ditlcrnnl 
sals  ol  gains  and  lima  comtanit.  It  can  b<s  teun  that  the  variation  In  tho  load  It  up  to  too  n  higher  load  than  tho  load  asso¬ 
ciated  with  the  gain  producing  tho  minimum  load  level. 


On  top  ol  that  let's  say  'normal  dependency*  between  tysiomt  and  tlrueturea  wo  encountered  the 


•  Sytltm  Failure  Cttet 

at  Inlluenelng  effect  from  tytlems  to  ttruclures  and  vlco-voraa. 

Using  Iho  syslam  behaviour  for  reducing  design  loads  makes  necessary  to  havo  a  systems  reliability,  which  In  case  of  system 
lallures  does  not  eat  the  bonefiis.  It  this  la  the  case  or  not  doponds  highly  upon  tho  system  (allure  probabilities,  lor  which  also 
the  structure  has  to  be  designed.  Therefore  again  In  tho  design  abase  ol  tho  A32C  wo  worked  out  legelher  with  Iho 
•Irworthlnesa  authorities  a  eoncepi  'How  to  handle  syslam  failures,  which  havo  slrueiura.  Impllcailons.'  This  is  rollectcd  In  a 
special  condilion  SC-A2.1.1.  This  paper  defines  the  safety  factor  as  function  of  system  (allure  probability  (seo  Figure  2)  on 
page  14*12  and  Figure  22  on  page  14*12). 

The  safety  factor,  which  (or  non  failure  conditions  Is  SF  *•  1.5,  to  transfer  Limit  Load  to  USUmato  Load 

L  «  1.5  m  l  (non  failure) 

UL  LL 

can  under  special  circumstances  beeomo  SF  <  1,5  depending  upon  syslent  (allure  probability  using  SC*A  2.1.1.  philosophy 


(failure  date) 
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This  relationship  shows  the  high  Influence  e(  a  systems  Uyout  wiih  respect  Is  failure  probabltitle*  on  the  ultimata  design  load 
lovel. 


figure  23  on  page  14*13  to  Figure  25  on  page  14-13  illustrate  the  loads  situation  between  .ten  lalluro  envelope  and  system 
(allure  envelope  achieved  (or  different  components  attar  a  strong  Interdisciplinary  work,  between  handling  quality-,  systems* 
and  loacs-expert*.  The  work  started  with  the  system  failure  definition  but  lot  systems  side  this  Is  a  detect  o!  hardware. 


•  What  does  this  dafact  maan,  (or  Instance,  on  deflection  ratas  of  surfaces,  bahavlour  of  control  laws, 
and  so  on7 

•  Does  the  pilot  know  about  the  latture  and  can  he  do  anything  to  avoid  critical  sIluallontT 

•  How  In  detail,  the  special  behaviour  of  aircraft  In  system  lallura  slate  can  be  transferred  Into 
toadc? 

Always,  If  the  answers  could  not  be  given  precisely  a  conservative  esllmato  had  to  be  used  In  this  process  to  onsuto  aircraft 
safety  oven  In  system  failure  state,  but  very  often  It  was  possible  to  reduce  the  consequence  of  a  failure  by  extensive  rig 
testing  to  an  acceptable  level  from  structural  point  el  view. 

So  ft  can  be  seen  that  at  the  wing  (Figure  23  on  page  14-13)  Iho  failures  raso  level  Is  about  Iho  samo  as  Ilia  non  failure  en¬ 
velope.  This  was  achieved  by  careful  layout  of  gust  allevlailon  syalem  Including  possible  failures  right  from  Iho  beginning  ol 
system  design. 

For  Iho  fuselage  (Figure  25  on  pago  14*13)  iho  failure  lavot  Is  well  bolow  the  non  falluro  level  except  lor  the  aiiachmonl  ares 
of  HTP  (hotlionial  tntiplane).  This  Is  produced  by  unsymmetrlcal  runaway  of  elovator  and  has  lo  bo  further  Irestod  at  a  design 
case  because  It  was  nol  possible  lo  avoid  this  case. 

Also  for  HTP  (Figure  24  on  pago  14-13)  it  can  be  seen  that  the  failure  level  In  downward  direction  overrides  the  non  falluro 
case  leval  by  about  10  %.  Also  here  Iho  reason  was  a  system  driven  lensway  ol  one  etevalor  which  could  nol  bo  avoided. 

The  eases  producing  higher  losds  for  aircraft  falluro  stalo  were  covered  by  slructura!  margins  avallablo  by  chance  from  other 
reasons.  However,  tho  structural  optimisation  might  reduce  this  ebaneo  in  fuluro  AfC  designs  further.  Therefore,  the  system 
failure  case*  have  to  be  controlled  very  carefully  right  from  the  beginning  ol  a  new  design. 


nr 


The  Uff*U  0(  these  protections  »(*: 


•  The  A/C  shstt  sod  recover  against  full  pilot  Input. 

*  Thu  A/C  cannot  be  broken  In  pitch  maneuvers, 

«  7m  A/C  cannot  be  stilled,  therefore  no  loti  of  control  up  lo  minimum  angle  o!  attack. 

4.1  Overtpeed  Protection  System 

The  objective  of  thl«  tytfem  It  to  protect  the  A/C  sgsinst  speed  overshoot  above  VMOtMMO.  The  overspend  will  be  limbed 
by  an  automatic  elevator  recovery  maneuver,  which  least  to  a  VO  (protected)  of  about 

VMO  +  3d  Ms 

Thl*  margin  it  about  had  of  that  between  VMO  and  VO  lor  a  conventional  A/C. 

The  ayitem  further  limit*  the  matlmum  bank  angle  above  tM  ovetapeed  warning  to  a  defined  value.  The  atlck  freo  bank  angle 
will  smoothly  bo  reduced  to  tero. 

Besides  (hit  poaltlve  aspect  In  handling,  there  ate  further  benefit  In  demonstrating  flutter  freedom  and  In  loads  In  case*, 
where  normally  VD-cascs  produce  the  critical  design  conditions. 

Figure  24  ahowa  the  architecture  of  such  an  overtpeed  protection  system. 


4.2  Load  Factor  Protection  System 

The  objective  of  such  a  system  Is  lo  mlnlmlio  Iho  probability  of  hazardous  events  whon  from  a  handling  point  of  vlow  high 
maneuverability  Is  needed. 

This  means  In  reality,  that  the  pilot  Is  (too  lo  act  In  a  critical  situation  »■  ho  (eots  ho  should,  without  Iho  need  lo  caro  for  an* 
other  problem  as  In  the  conventional  A/C. 

This  Is  regarded  at  a  big  Improvement  In  safety,  becauso  It  can  bo  shown  by  past  experience,  that  A/C's  wore  brokon  by  pilot 
actions  during  recovery  from  a  critical  situation. 

Such  a  system  could  for  oxamplo  onsuro  that  the  losdfaetor  Is  limited  to 


*  +  2.5  g/- 1  g  for  clean  configuration 

•  +  2  g/0  g  (or  flaps  extended 

It  can  be  shown  that  a  rapid  pull  to  2.5  g  knowing  the  A/C  cannot  be  broken  loads  to  a  more  effective  A/C  rosctlon  than  a 
cautious  pull  to  a  higher  losdfaetor  and  taking  care  that  the  A/C  will  not  bn  brokon. 

These  (acts  are  demonstrated  In  Figure  27  on  psge  14-15  and  Flguro  28  on  page  1<-15. 
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4.3  Stall  or  Low  Speed  Protection  System 

Tha  objodlvo  o(  this  system  is  to 

•  protect  tho  A/C  against  stall  In  high  dynamic  maneuvers  and  gusts. 

•  give  the  A/C  tho  possibility  of  c  high  lift  side  stick  full  back  without  exceeding  a  defined  maximum  angle  sf  check  and 
without  thb  .'lsk  of  stall 

•  give  tha  A/C  a  good  rolling  maneuverability 

•  Improve  tho  wlndshaar  survivability  by  roachlng  a  safo  lift  In  conjunction  with  oarly  full  thrust  availability  under  Alpha-door 
command. 


A  scheme  of  tho  settings  Is  given  In  Figure  29  on  page  14-16, 
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5.0  Aircraft  with  Load  Alleviation 

Besides  tho  Improvement  o!  the  HO  *  FBW-A/C  Inclusive  control  laws  Implies  the  big  chance  to  Implement  ditferent  load  al¬ 
leviation  (unction*. 

Depending  upon  tho  A/C  category  (shot?,  medium,  long  range)  the  critical  wing  design  condition  can  be  gust  or  maneuver. 
Saving  structural  weight  means  reducing  or  changing  the  critical  design  load*  which  In  principle  can  bo  done  by 

•  Oust  Lead  Alleviation  (CIA) 
or 

•  Man.uv.r  load  Alleviation  (MLA) 


Morn  or  less  all  these  systems  are  aiming  at  reducing  design  leads  ai  the  wing  and  not  Increasing  at  the  aame  time  the  design 
loads  at  other  components  to  maintain  a  positive  overall  weight  reduction  balance  Including  additional  weight  (or  systems 
Installation. 

The  philosophy  and  the  espenses  to  be  spent  are  very  different  as  shown  In  tho  following  subchapters, 

5.1  Gust  Load  Alleviation 

The  target  of  a  GLA  Is  to  doslroy  parts  of  tho  gust  Incromeniat  load  al  tho  wing.  Depending  upon  Iho  wing  doslgn  conditions 
In  gust  tho  system  must  work  on 

•  Discrete  Gusts 


Stochasttcal  Gusts 


both  has  to  be  demonstrated. 


Realistic  msrglns  ol  reduction  have  Iho  order  o(  magnitude  up  lo  20  %  reduction  of  wing  root  bending. 

The  GLA  works  per  layout  (or  upgusts  because  Iho  higher  gust  tevol  Is  produced  In  that  direction. 

As  controls  In  this  (unction  generally  iho  aymmelrlcal  use  ol  ailerons  and  spoilers  is  possible.  High  deflection  rates  o(  about 
200  deg /a  are  requested,  therefore  additional  hydraulic  power  Is  noeded.  It  has  further  lo  be  ensured  that  there  will  be  no 
unccceplabto  Interactions  during  pilot  demanded  maneuvers. 


14.17 


Such  a  system  will  normally  opcrsta  undue 

•  cluan  c*nfi*«Mtl«n 

•  sputd  hlpfwr  than  a  d«ftn*d  vjIu« 

•  bar  and  a  daflnad  load  latter  threshold 


A  scheme  el  auch  a  GLA  la  given  In  Figure  30. 

At  mentioned  under  Item  02  also  auch  a  GLA-Funcilon  can  (all  lor  aeveral  system*  reasons  am)  therefore  II  the  structural 
design  of  the  wing  la  optlmbted  to  the  reduced  loads  produced  by  the  system  the  (allure  cases  Have  to  be  carefully  watched 
right  from  the  beginning  o(  the  systems  development. 
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Figure  31  on  page  14-18  to  Figure  0*  on  page  M-t8  present  the  effect  of  GLA  on  wing  and  tsllptano  compared  to  a  conven¬ 
tional  Ar'C  (mechanical  link,  between  pilot  and  surface)  and  lo  a  FBW-A/C  which  has  oniy.lhs  conlrol  law  Instilled. 

The  wing  upbendlno  In  Figure  32  on  page  14-18  shows  the  expected  reduction  versus  span,  whereas  one  cannot  distinguish 
conventional-  and  FGW-AfC,  The  effect  on  wing  torquo  o(  GLA  Is  adverse,  l.e,  torque  Is  Increased  due  to  the  surfaces  used 
for  alleviation. 

The  HTP-bendlng  In  Figure  34  on  pago  14-18  shows  that  one  has  to  distinguish  the  losd  directions  In  Judging  on  Ihe  system 
effect.  For  downward  tallptano  load  tho  FBW-A/C  presents  the  highest  toad  level,  tills  is  then  reduced  by  additional  use  ol  GLA. 
However.  Iho  lowest  level  Is  prosenlod  from  Iho  convenllonal  A/C.  For  the  upward  loud  direction  Iho  A/C  with  CL  and  GLA 
presonls  tho  highest  load  level,  FBW-A/C  and  conventional  cannot  bo  distinguished. 

In  ‘his  example  Iho  absoluto  highest  level  was  obtained  In  upward  direction.  What  can  bo  said  generally  Is  that  duo  to  System 
Effect  (EFCS  and  CLA)  the  HTP  loads  wore  Increased  and  an  exchange  from  vortical  maneuver  to  vertical  gust  cases  has  taken 
place  as  alroady  shown  under  Horn  3.2.  This  certainty  effects  tho  rear  fuselago  too. 


5.2  Maneuver  Load  Alleviation 

Tho  aim  of  a  MIA  I*  lo  redistribute  for  maneuvering  necessary  lift  to  the  Inner  pan  of  the  wing  and  by  ihta  reducing  only  the 
wing  bending.  In  doing  so  the  overall  A/C-batinee  will  be  dltlutbed  and  has  to  be  regained  by  elevator  reaction,  ft  Is  easily 
to  be  aeon  that  by  this  the  MIA  Influences  the  taftplsne-  and  rear  fuseUge  loads  too. 

Realistic  wing  root  bending  margins  which  can  be  gained  by  MIA  have  the  order  of  10  ft.  Thai  means  tne  MLA  Is  less  efficient 
compared  to  the  CIA  However  this  efficiency  Is  achieved  by  far  less  complicated  system  and  needs  no  additional  hydraulic 
power  Le.  It  can  be  realirod  using  the  system  performance  already  available  for  HO  ol  an  EFCS  equipped  A/C.  Therefore  It  Is 
principally  possible  to  add  this  feature  to  such  sn  A/C  for  furihor  development  reasons. 

A  scheme  of  MLA  Is  given  In  Figure  35  on  page  U-I5, 

It  can  be  seen  thst  the  ailerons,  outer  spoilers  end  the  elevstsr  aro  used.  In  a  symmetrically  sense  naturally,  and  that  thtre 
is  a  certain  threshold  In  elevator  demand  end  load  factor. 

The  reduction  of  wing  bending  versus  spin  Is  presorted  In  Figure  W  on  psge  14*18 

However  this  reductions  has  lo  be  bslsnced  with  possible  higher  loads  for  fallpltne  and  rear  fuselage.  The  MLA  tanda  lo  make 
tho  A/C  sluggish  In  checked  maneuvers.  This  could  mike  ft  necessary  from  KQ  point  of  vlow  to  modify  the  gains  In  such  a 
wajMo  regain  the  A/C  maneuverability  without  MLA.  The  consequence  of  this  could  be  an  Increase  of  tsllplano  loads  up  lo 

Agsln  here  It  Is  an  clear  Interaction  of  HO,  Loads,  Slresslng  to  find  t  from  ill  concerned  disciplines  acceplsblo  compromise. 
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6.0  Conclusion 

Th«  presentation  hat  ihown  that  thero  are  advantage*  and  disadvantage!  available  from  the  system  effects  on  structures  as 
It  is  summarised  in  Figure  37  on  page  14.34. 

The  target  In  future  developments  shall  be  to  avoid  the  disadvantages  as  far  as  possible  while  Keeping  ’he  advantages. 
Because  ol  the  strong  interaction  between 

•  Aerodynamics 

•  Handling  Qualities 

•  Systems 

•  Loads 

•  Stressing 

In  today  A/C-Oeslgn  as  presented  hero,  the  only  future  solution  can  bo  an  intensive  cooperation  of  tho  beforo  mentioned  dis¬ 
ciplines  during  the  total  design  phase  in  a  'dosed  loop*. 
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Design  of  aircraft  night  wntrol  system  re-TOlr*,  consideration  of  «* iy  factors  Including  saneovtfjngj 
i'!(W  and  handling  qualities,  stability  supxwtictcn,  and  control  power  requires  wits  as  uvll  as  senses! 
•Ahern.  Alilhe  etpilwed  factor*,  bswever,  are  strongly  Inriuwnocd  bythe  atacspherlc  torbulenn- 
envlswvxeo-.  throo#»  which  the  aircraft  nusv  fly.  A  unified  analytical  desist  sethjd  la  described  which 
systematically  Accounts  fer  three- cot  pAWA  gust  velocity  spatial  iltirlbutlcti  effects,  hjchdllni  jlUlca 
In  taros  ef  needed  sloscd-loep  stability  avexqsl alien  systeaa,  and  the  nar.mrerlng  sod  stab!  1 1  wt  I  on  three- 
axes  control  power  retired.  These  factors  are  all  imerrslatsd.  Stats  variable  foroulstlons  ef  tsodern 
syslw  l vary  are  used  for  tht  aircraft  and  turbulence  dynaale  sodela  and  In  stability  augmentation  system 
synthes.s.  Seth  bowieneow* :<md  heterogeneous  turbulence  are  considered,  Hcaoseneous  Mdeis  are  described 
In  a  ».»UstlMl  sense,  heterdgaieous  turbulence  Is  discrete  dun  .3  «ortox  patterns  generated  by  obstacles 
such  as  trees,  buildings,  mountains,  etn  ana  has  been  known  to  result  In  aircraft  upsets  and  structural 
failure. 


WTRCOOCTJW 

An  airplane  has  six  rljld-tody  decrees  of  free dec— vertical,  forward,  and  sideways  translation  of  the 
center  of  gravity  end  yaw,  pitch,  and  roll  rotations.  These  are  usually  referenced  to  an  orthogonal  axis 
syatea  fixed  at  ibe  center  of  gravity.  The  overall  control  problea  Is  conveniently  divided  Into  the 
guidance  funetten.  concerned  with  conimt  of  linear  position  and  velocity  of  the  alrplano  to  cause  It  to 
follow  a  desired  flight  (with  Mm  history,  and  the  altitude  control  or  stability  aupscntallon  function.  The 
guidance  syaten  obtains  position  and  velocity  Information  froa  the  navigation  system  and  uses  this  data  to 
generate  velocity  coeaands,  which  In  turn  arc  lopleaented  by  aaneuvering  the  aircraft  through  displacement 
of  appropriate  aircraft  controls.  In  order  for  . the  guidance  function  to  be  carried  out,  the  alrp'ane  oust 
be  stable  along  Its  flight  path.  In  other  u.-r&f,  It  oust  nst  exhibit  divergent  oscillations  which  would 
cause  it  to  depart  from  the  desired  flight  path.  All  YTOt  and  most  CTO.  high  perfornance  airplanes  require 
such  stability  augaentatlon,  provided  by  cither  an  auicoeitlcsystco,  er  by  the  pilot  working  harder  to 
stablim  by  control  Inputs  as  well  as  asneuver  the  vehicle  with  additional  Incuts  freo  thr  sar.o  controls. 


The  quality  of  the  attitude  stability  Is  referred  to  as  sue  ’handling  qualities*  or  "Hying  qualities" 
or  the  airplane,  and  there  has  been  mach  research  devoted  to  detemlnatlon  of  what  these  should  be  rcr 
various  desses  of  airplanes  In  various  flight  conditions.  The  handling  qualities  specifications  fer  CfCt 
airplanes  sr«  given  In  Ref.  1  and  YSTGt  airplanes  Is  In  Ref.  2,  Pilot  opinion  ratings  obtained  In 
slsulatlons  cr  froa  actual  flight  test  arc  always  used  In  assessing  whether  the  atrplsno  does  have 
satisfactory  handling,  qualities. 


The  source  of  turbulence-generated  avrodynaale  forces  and  accents  acting  on  aircraft  are  the  three 
orthogonal  qoaponents  of  wind  relative  velocity  referenced  to  if  body-fixed  coordinate  syatea.  The 
ounponents  contain  new  wind  values  U0,  V0,  uQ  and  turbulence  valiss  ugf  vg,  wg,  which  are  functions  of  time 
and  spatial  position  relative  to  the  alrrroft  (Fig.  I).  The  forces  and  accents  a ra  created  by  (1)  Kutta  - 
Joukowsky  iau  of  elrculttlon  end  (I)  nor'*,  a  transfer  botnet.  the  turbulence  wd  tfta  airfrese. 


For  aircraft  In  conventional  night,  circulation  lift  Is  predominant.  For  winged  VT«f  aircraft  In 
hovering  flight,  soaentw  transfer  be  cones  significant.  H<e  turbulent  air  Is  of  two  types,  (1)  Hooogenwsus 
and  (2)  Heterogeneous.  Hoaogeneous  turbulence  Is  that  which  can  be  described  statistically.  ' 

Heterogeneous  la  nya-statlstlcal  turbulence  and  refers  to  discrete  gusts  such  as  thunderstors  downturn ts, 
wind  shears,  and  vortex  patterns  off  oountalns,  buildings  and  other  obstacles.  The  noeentin  transfer 
approach  la  spproprlate  for  vortex  and  onaar  Inputs  to  the  aircraft.  Figures  2  and  3  show  a  posslblo 
vortex  oodel  and  velocity  profile  for  use  In  nooentus  transfer  calculations.  A  nose-to-t*ll  traverse  would 
cause  rapid  pitch  and  yaw  reveraala,  depending  on  the  orientation  of  th»  ,ortex  axis  relative  to  the 
aircraft.  Likewise,  a  wing  tlp-to-wlng  tip  traverse  v-  -suit  In  rapid  roll  tnd  yaw  -rvcraals.  Severe 
disturbances- of  this  type  put  extrate  deaands  on  ibr  'ntrnl  syatea.  Reference  9  describes  s 

detailed  application  of  this  vortex  netted,  nsvfrl  ...  etc  wt  <  -s. 


CCVTROti  rCWK 


is<: 


A  nu*b*r  of  VTO.  crashes  M«  attributed  to  a  lack  of  sufficient  control  pw*c  to  stabilise  tht 
aircraft  I15  turhilenoe.  Control  power  U  east  often  derined  *a  the  anplar  acceleration  produoed  by  a 
coni  ret  Input.  For  evampte,  Instant  uneoiii  yaw  control  power  1*  given  by 


cud  -  Kt  «pu) 


(0 


where  4(0  U  the  you  control,  usually  rudder  deflection  or  Ito  equivalent  In  terms  or  reaction  Jet 
trusting,  »nd  fife  l#  tbs  control  sensitivity  (th anr,«  lit  yawing  moaent  do*  to  unit  i  divided  by  alreran 
yaw  n*aa  *onwt  oF InertU).  Similar  expressions  give  control  power  t*  roll  and  pitch.  Tula  definition 
applies  to  lb*  control  pcw«r  needed, for  maneuvering  and  that  needed  For  aublltty  augmentation  about  a 
trimmed  fllpt  condition. 


There  lo  «  nee-Xfor  better  mttboda  or  determining  the  mlnlrmun  level*  of  control  power  n«^*aaary  to 
provide  Adequate  stabilisation  and  maneuverability  for  Via,  aircraft.  An  insufficient  amount  la  unsafe  and 
an  excee*  reduces  the  available  lift  engine  throat,  as .control  power  t*  cbtatned  by  bleeding  air  or 
modulating  throat  froe  the  propulsion  system.  Tb*  w»wt  needed  for  maneuvering  la  generally  independent  of 
aircraft  site  and  dynamic  chvaeterUWsa.  However,  that  needed  for  stabilisation  la  strongly  dependent  on 
aircraft  sits,  cjea-leop  dynamics,  the  type  and  amount  of  stability  super, ta'iion  provided,  and  the 
turbulence  environment.  An  analytical  dealp  method  ia  available  which  structures  the  stability 
augmentation  system  required  for  satisfactory  aircraft  handling  quaint**,  while  simultaneously  yielding  the 
etatmu*  required  values  of  atabl  l  Isatlcf,  control  power.  Side  quality  by  aujrpresalon  of  rlgld-ivody  and 
elastic  node*  can  also  be  incorporated' ft  the  design  method. 


The  literature  and  the  CTCL  and  VTCt,  aircraft  built  to  date  have  not  rbMptaed  tb*  Importance  of  the 
type  of  feodhaek  control  system  used  on  the  resulting  control  power  requirements.  Xootrthree-axU  stability 
augmentation  systems  have  eaployed  conventional  altltuie  and  rate  feedback  loops  with  no  regard  fer  what 
this  control  law  structure  *eana  in  terms  of  stabilisation  control  power  levels.  For  example,  «oat  vehicles 
in  a  hovering  node  have  ntwlnlm*  phase  transfer  function*  and  require  unnecessarily  hip  control  rower 
levels  when  stabilised  by  conventional  servoanslysia  design  techniques,  ft- has  been  shown  that  modern 
linear  state  variable  control  synthesis  netbada  can  be  used  rcr  direct  synthesis  or  stability  augmentation 
systems  yielding  prescribed  handling  qualities  and  minimum  stabilisation  control  power.’0 


Mirnto  DcsicH  terntoo 

An  easily  formulated  and  convenient  'on  of  alreraft-.dynaalc  equations  of  notion  la  the  vector-oatrlx 

fora 

i  -  Ax  •  fci  •  Cf^  (2) 

where  x  la  or.  (n -or lj: matrix  of' the  physical  slrcraft  variables,  u  la  an  (a  x  I)  control  Input  vector, 
and  n  la  ml u  1}  matrix  of'  the  pat  velocity  state  varlsbles.  A,  8,  nnd  G  are  (n  x  n),  (n  x  *),  and  (n  x 
k)  coefficient  aatrlrea,  respectively.  Elaatto  aode  degr&a  of  freedom  can  b<  Included  In  x. 


The  variables  In  the  gust  matrix  q  satisfy  the  Wetor-matrlx  equation,  where  coefficient 
malrlpis  A  and  0  can  be  determined  frSm  O.-yden  pat  velocity  power  spectral  density  aath  models!  r,  la 
solar,  seta  mean?  unit  white  nolao 


Ag"g 


V 


(3) 


If  pat  spatial  distribution  effects  are  included,  n  -  [u  ,  v  ,  u  ,  r  ,  q  , 
equivalent  yaw,  pitch  and  roll  angular  velocities  due  to  toe  spatial  effects, 
state  vector  x  with  the  gust  states,  an. alternate  form  of  Ei;.  (!)  la 


p  i.  “here  r  ,  q  ,  p  are 
*By  augmenting  the  aircraft 


(A) 


For  almost  all  atxblllty  augaentatlon  ayatea  (SAS)  control  lews,  from  slaple  rate  feedback  to  full 
state,  the  control  Input  vector  u  can  be  expressed  as 

u  *  -Xx  (5) 

where  K  Is, an  (a  x  n)  matrix  of  feedback  gains.  By  use  or  Eq.  (5),  Ejs.  (!)  and  (A)  beoone  Eqa.  (6)  and 
(7)i 


X  -  [A  -  BKlx  ♦  Grig 


(6) 
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A‘  U  given  byX;.  (It). 


A* 


I 

0 


<*<*„ 


V  <-d, 


n-1 


(It) 


The  last  rev  of  a*  contain*  itw  coefficients  of  the  desired  oloaed-inop  characteristic  edition.  Handling 
dualities  are  strongly  Influenced  by  the  roota  of  the  eharaeterlatlo  equalen.  Therefore.  If  the  desired 
elosed-leop  eharaeterlatlo  equation  la  specified  by  selecting  all  of  the  roota  fer  good  handling  qualities, 
the  eaeffleienta  e,  sa  In  Eq.  (19).  then  are  known  and  are  related  hi  those  In  A*  by  Eq.  (20). 

a"  •  Vl*"*'  *  '••  *  «i®  '  *  6  (19) 


**o  *‘Vki 

*?«  "W 


*®n-l  * 


(20) 


The  k'a  then  are  calculated  easily,  (tven  the  d'a  and  *'a.  The  k  row  oatrix  la  obtained  rroo  Eq.  (21), 
using  Eq.  (12). 

*0  0  ...  0  ' 
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K  *  (K,,K,,...y  -  C-k,.  -kj...-knXT*1) 


(21) 


(22) 


Calculating  the  SX  square  astrlx  allows  determination  of  the  aupaented  0  eatrlx  In  Eqa.  (7)  and  (t). 


Since  sensors  can  sesaure  only  coablnatlona  of  physical  output  variables,  which  are  usually  less  than 
the  order  of  the  stale  vector,  we  have 

a  -  Cx  (23) 

where  the  s  outputs  are  a  (p  x  1)  vaster,  C  la  a  (p  x  n)  eatrlx  of  nusbera  and  p  <  n.  Each  row  of  C  is  eade 
up  of  the  coefficients  of  the  trsnsfer  function  nuacrator  polynoelala  of  each  output  variable  In  tho  x-to-u 
transfer  functions.10  Since  eatrlx  C  Is  not  square,  Its  Inverse  does  not  exist,  and  the  control  law  given 
by  Eq.  (2b)  cannot  be  realised. 


u  -  -Kx  •  u  -  -KC*'z  •  u 
0  Q 


(2b) 


u0  la  the  scalar  eancuverlne  control  deflection  froe  pilot  Input.  However,  by  forcing  additional  equations 
by  using  derivatives  of  the  s  states  and  a  technique  described  in  Ref.  10  of  using  real-valued  left  half¬ 
plane  transfer  function  maerator  zeros,  C  can  bo  cade  of  site  (n  x  n)  and  the  Inverse  In  Eq.  (2b)  can  bo 
obtained. 


A  block  dlagraa  of  the  SAS  Is  leplcaentalton  of  Eqs.  (3),  (6),  ond  (2b)  Is  shown  In  Figure  *. 


RIDE  QUALITY  ANALYSIS 

Once  the  SAS  la  designed  for  good  handling  qualities,  the  ride  quality  can  be  considered,  although 
there  are  soae  trade-offs  to  be  cade  between  handling  and  ride  in  any  design.12 


The  coosonly  uaed  ride  quality  paraseter  la  the  vertical  and  lateral  noraal  acceleration  res  responses 
at  selected  fuselage  stations.  In  teras  of  perturbation  of  flight  path  angle  Ti  pitch  angle  0i  roll-angle 
4l  yaw  angle  Os  sideslip  angle  Bi  ayssetrlc  elastto  node  shares  and  generalized  coordinates  ♦,  and  C,.  and 
antlsyaaetrle  aode  shapes  and  coordinates  *,  and  g.,  the  vertical,  and  lateral  noraal  acceleration  load 
factors  aa  a  function  of  funelag.  station  t|J  (positive  forward  of  the  o.  g.)  are 


Vl*,l>  *  *lV '  V  ‘  iWVM0!  <») 

»  ;U»  *  (»  *  »)U0  -  l„t  -  jf,  tjtV'jM)  «**> 

and  o0  u  the  true  airspeed.  Reference  1}  contains  avails  of  a  ecthsd  of  analgia  «ar,»Ubt«  with  the  5A5 
dealgn  aethad  and  notation  abs*e.  Only  a  brief  presentation  of  the  aethad  la  aa<«  here. 


The  vertical  er  lateral  lead  fatter  (i.e.,  tqs.  (S5)  or  (It)  «an  be  expressed  as 

n„  „(«...  t)  -  rx*  (XT) 

«*«#  * 

where  f  la  a  (»  i  n  •  k)  rw  aatrlx  of  tkicrainlaUe  eoefflelenu  (different  for  n.  and  n-),  which  stake*  ni 
tr  nr  a  toalar.  The  man  aquar*  or  expected  value  of  U  obtained  by  aquarlng'anfl  arerating. 

n*  v(l,,t>  -  tft*3(ft*)  •  (ft’Hft*)’  f«> 

**/  * 

where  {]'  Indicates  tha  aatrlx  tranapMe.  Slow  (ft  *3  ta  a  aealar.  then  i?x*3'  «  Cft*3,  and 
n*  .U.,1)  “  tft*)tx*'F*3  *  t*U*<r 

*.*  «?) 

» 

.Vx. 

The  e«*n  aquaro  valuo  thaw  la  the  expected  value  lt)< 

tCn!  vU,.t>3  -  r«V**,)l"  (3«) 

x»y  x 

where  «x*<*'3  Ir  a  ayxsetrte  square  (n  •  X)  x  to  •  X)  mate  covariance  oatrlx,  which  can  be  deteretned  sa 
foiicwa.  Froa  Eq.  (8), 

rtx****)  *  Klx*x**3  •  ftthx*')  OD 


*150, 

,  [DX‘J  *  CFftl'*  X*'0‘  •  n'F'  (32) 

and 

x*i*'  -  x***^’  •  x'n'F'  (33) 

Etx‘i")  •  E£x'x»*)0'  •  Hx'ft'3F'  (3") 

It  can  be  ahown  with  fundaaentsl  ateehaatle  anclvata  that,  for  a  linear  nyaten  orlven  by  unit  while  noise, 
aa  Eq.  (8),  the  correlation  between  x‘  and  n  U 

Etnx**3  *  F'/2  (35) 

and 

ECx‘n'3  •  F/2  (Jfi) 

Thus, 

ECx*x •  *3  *  Etx»x»'3  -  ceex***']  '  Etx‘x*')B’  *  FF'  (3 1) 


For  atatlatlcaUy  ttae  atatlonary  (constant  ras  value)  systess, 

(dfdt)ECx*x"3  »  o  -  E[x*x«'3  ♦  EExai*']  (38) 

Thla  la  true  .In  the  present  caao  ea  t  •»  •,  If  the  ayatea  In  Eq.  (8)  la  atable.  Thus,  Eq.  (3T)  beowM  the 
algebraic  aatrlx-Rlceatl  equation 

DE[x*X# *3  v  ECxht'OD'  «  FFI  -  0  (39) 

Given  D  and  f,  Eq.  (39)  haa  a  unique  solution  rcr  the  elenents  of  the  syaaetrlo  oovsrlance  aatrlx,  which 
then  can  be  used  in  the  evaluation  of  Eq.  (30).  Equation  (39)  usually  Bust  be  solved  nuaerlcally.  and 
various  coaputer  algsrlttes  exist  tor  doing  so.  One  aethod,  with  fast  convergence  on  aircraft  ride  quality 
probleos,  Is  described  In  Ref.  19. 
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Tfa  pitch,  yaw  and  roll  slnlnu*  safe  H»ils  of  control  power  Csnsulsr  accelerations)  needed  10 
stasiUia  the  aircraft  In  hwctenwus  turbulence  or  *«w  Intensities  cm  expressed  a* 
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These  "three-slip**  wsiw*  Bean  ttv»v  an  I  na  Ur,  ten  sous  vsli*  of  control  psutr  ascot  *ny  axis  would  exceed 
these  values  «f.!r  0.11  percent  ef  the  Use.  Tula  la  considered  safe  In  tb»t  It  la  only  an  instantaneous 
wit*  union  would  pass  In  fraction!  of  eeodnds  in  a  worse  ewe  scenario. 


?m  flKS  (reel  no  an  square)  values  of  equivalent  elevator,  rudder  and  atieren  control  deflections  In 
tq*.  (to),  (M)  and  <tj>  can  ta  determined  a*  followsi 
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The  elements  of  Eq.  (**)  and,  thus,  Rj».  (b5)*l47)  can  be  obtained  free  the  ointrol  law  given  by 

u  -  -Kx  (*«) 

(uu'J  -  {-KxJl-XxJ«  .  t*9) 

or 

{uu*)  -  Kxx'X'  -  x(xx']K'  (50) 

and  E(uu'i  •  KE(xx«]x*  (51 > 


E(w*J  In  Eq.  (51)  can  be  obtained  froa  the  covariance  satrlx  eJi'j!'],  which  Is  the  solution  or  Eq.  (39). 
as  the  upper  left  psrtition  aatrlx  In  Elx'x*']. 
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(52) 


Tne  clovater  Is  tl»  prlaary  control  for  cugaehtlng  the  longltullnal  <3 yn laics  and  plaeeaec.  of  the  roots 
of  Eq,  (19).  The  rudder  Is  the  prlnary  control  for  iapleaenting  a  yaw  daaper  function  and  placcsent  or  the 
lateral-directional  dynaalcs  desired  roots  of  Eq.  (19).  TW  aethod  of  scalar  control  and  exact  pole 
placement  can  be  applied  separately  to  both  perturbation  equations  of  eotlon,  with  the  usual  assumptions 
that  uncouple  the  two  s«»s  of  equations,  the  aetrlx  of  gains  K  In  Eq».  (-B)  and  (51)  would  be  a  (2  x  n) 
eairix  when  4#  and  4r  are  the  SAd  controls  used.  Each  row  of  K  coses  froo  Eq.  (22)  for  the  two  sets  of 
dynaalcs. 
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STRUCTURAL  EUST1C  IfiK  SWTWSSIO* 

fee  aircraft  “here  the  «1tnle  tate  terns,  ftxrfnate  the  wraal  accelerations  in  £$*.  (ss)  and  |2IJ,  * 
structural  no*  control  irsteex  *sy  be  Meoed  to  previse  aweplrtle  ride  ciallty,  The  USAP  81*8  ns*  such  4 
SyStW.’* 


Sy  leesiing  ttve  accelerations  which  ?«we  the  soften  At  llwi-eaae-leaaftes  a  ft*  acres  jr-«te  fence  mc4 
t»  eupfresa  IN  mw«  nftlcn.  phase  sargtn  eat  be  siinrij  fer  &UBle  @r*rnien  uncer  reasonable 
parsed***  variations.1'  Eigenspat*  isolsvtsnv  ■slhosa  tin  also  be  used  ta  Ossip  such  syatoas.*4  Care  aval 
fe*  takes,  h©x«»sr»  to  *>ci  adversely  affect  the  aircraft  handling  sualltlw  aid  to  ensure  a  fall-aifs  dyft.ts. 


CORCJ.UlIKO  8!mM3 

Tin  design  Retted  presented  ut  aewunt  fw  aweapJwlc  turbulence  In  Rintntstng  central  p*uer 
regiments  and  achieving  specified  «l«e4  loop  recta  U  slspie  te  ms  and  retiree  vary  lulls,  ir  **>,. 
trUl-and-error  to  arrive  »  a  suitable  design.  *  CT*p»Uble  ride  Quality  analyal»-es«  be  aeeenpliahed 
uttMn  the  rraaeucrk  .presented. 
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SUMMARY 

Sasod  oi  tho  Da  £21  rational  alrlintr,  the  laprovastnt  in  passenger  coafort  p-ovtded  by 
the  gust  load  alleviation  aystea  OLGA  under  adverse  weather  conditions  it  shewn.  The  prob- 
lea  of  excited  structural  vibrations  is  solved  with  an  active  structural  daaper,  which 
elialnates  the  adverse  effect  of  the  gust  load  alleviation  aystea  on  structural  vibrations 
and,  additionally,  dinlnishes  their  excitation  by  aaneuvor*  and  gust  loads. 


AimVIATIOXS 

OLGA  Open  Loop  Gust  Alleviation 

ROI  ride  dlsceafort  index 

SD  active  structural  daaper 

TXT  Tragfldgol  Xeuor  Technoleple  (Advanced  Technology  Wing) 


NOMENCLATURE 

A  aystea  astrix 

A(f)  frequency  response 
a  angle-af-attach 

1  input  natrlx 

C  output  astrix 

r  feed-forward  gain  astrix  (OLGA) 
f  frequency  (Hz) 

K  feedback  gain  astrix  (SD) 

L  coupling  astrix  (structural  dynaalcs/rlgld  aircraft) 

n  load  factor 

X  disturbance  astrix  (gusts) 

u  input  vector 

v  noise  input  vector 

v  noise  stare  vector 

x  state  vector 

y  output  vector 

c  vertical  dlaplacenent 


1.  INTRODUCTION 

for  regional  airliners  and  general  aviation  aircraft,  flying  under  advene  weather 
condition*  has  a  dlsensloning  inflt  *ca  on  the  structure  and  Is  a  significant  aeasure  of 
passenger  coafort.  Further  iaproveaents  to  the  econoay  and  flight  perforaanco  of  Cuturo 
aircratc  designs  constitute  exacting  requireaents  to  aircraft  configuration  and,  in  par¬ 
ticular,  atructural  weight  parcaetera.  Structures  becoae  increasingly  elastic.  Coaauter 
aircraft  featuring  aodarn  wings  of  high  aerodynamic  efficiency  are  sensitive  to  gusts 
which  is  inconsistent  with  the  also  requested  lsprovaecntz  in  ride  quality.  Additionally, 
on  account  of  excited  elastic  aodss  of  wing  and  fuselage  the  problea  has  spread  to  a 
higher  frequency  range. 

The  degree  of  ride  quality  achiavtd  by  aaans  of  a  systea  to  iaprove  the  pssaenger 
coafort  is  indicated  by  the  so-called  ride  dlsceafort  index  (RDI)  (I).  This  index  is  based 
on  the  'von  Korean*  gust  power  density  spectrua.  The  acceleration  reactions  of  an  aircraft 
to  this  gust  excitation  are  weighted  and  added  according  to  frequency.  In  Fig.  1,  the 
weighting  factors  of  vertical  acceleration  values  are  shown. 

Studies  have  shown  that  the  passengers'  susceptibility  to  Airsickness  does  not  only 
depend  on  the  intensity  of  gusts,  but  to  s  high  aeasure  also  on  gust' frequency.  In  Fig.  1, 
this  fact  has  bean  taken  into  consideration  by  the  high  weighting  in  the  frequency  range 
between  0.1  Hz  end  Q.3  Hz.  Unfortunately ,  there  is  also  a  aaxinua  for  the  vortical  ac¬ 
celeration  intensity  caused  by  gusts  in  this  frequency  range,  since  the  eigenfrequency  of 
short  period  notion  varies  between  0.3  Hz  end  0,6  Hz,  depending  on  flight  altitude  and 
spaed. 

Medical  studies  have  revealed  that  the  eigenfrequency  of  the  fundamental  node  of 
■an'a  vertebral  coluan  is  approxiassely  at  6  Hz.  Therefore  the  frequency' range  froa  A  Hz 
to  8  Hz  hee  been  weighted. higher  in  the  diegrea.  Unfortunately  the  eigenfrequency  of  the 
first  wing  banding  aede  generally- ,i»  within  this  rsngt. 

The  eia  is  to  reduce  vertical  iceelerations  for  the  two  heavily  weighted  frequency 
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ranges  by  nesns  of  control  mmiihi,  Th*  gnat  alleviation  syatea  OLCA  will  be  employed  for 
ih*  low  frequency  range  of  »p  to  2  Kt  and  an  active  structural  damper  ter  the  frequency 
runt*  shove  2  Kt. 

This  paper  provide*  *  brief  description  e(  th*  01 CA  ayttea  and  th*  achieved  flight 
teat  result*  and  a  set*  detailed  description  o£  the  system  extended  by  an  active  struetur- 
*1  tupir. 

The  design  goal  ter  the  overall  system  is  to  combine  the  advantages  provided  by  the 
OLOA  eyetea  (bssed  ea  •  rigid-body  Model)  with  those  et  the  structural  deoyer  (fasted  on  «n 
elastic  oedel). 


2.  OUST  tOAD  AllSVIATlOH  SYSTM  OLCA 

There  ere  two  geet  leed  alleviation  principle*) 

•  Open  Loop  0<ut  leed  Alleviation  (OLOA) 

•  Closed  Loop  Cost  Loed  Alltviaii-n 

Ulth  the  'open  loop"  principle,  which  l*  priaerily  coneldersd  in  thie  peper,  the  line 
history  of  giut*  (gust  engle-of-attack)  Most  be  celculeted  directly  froa  th*  senior  tig* 
nsl*.  Depending  on  this  gust  Angle,  the  lift-changing  control  surfaces  aiut  he  deflected 
so  **  to  ceapensete  for  th*  lift*chenglng  effect  of  gust*  (Direct  Lift  Control,  DLC).  The 
advantage  of  this  principle  it  that  handling  qualities  rentin  unchanged  while  the  die* 
advantage  da  It*  complexity  and,  by  thit.  Halted  accuracy  of  guat  angle  calculation. 

Kith  the  "closed  loop*  principle,  not  the  guat*  are  measured  but  rather  tha  aircraft 
reaponte  to  gluts.  The  sensor  signsls  defieet  the  control  surfaces  to  minimise  this  re* 
sponse.  The  advantage  of  this  principle  1*  that  the  gust  sngle  1*  not  calculated  while  the 
disadvantage  i*  that  this  syatea  changes  aircraft  handling  qualities.  Ulth  this  system, 
the  aircraft  respond*  note  sluggishly  to  flight  path  changes  initiated  by  the  pilot. 

fig.  2  depict*  the  functional  structure  In  line  vith  the  following  design  philosophy 
(2,  Hi 

•  Calculation  of  the  guac  engle-of-attack  fro*  the  sensor  signals  («nglt*of»*ttach. 

pitch  attitude,  flight  path  angle) 

•  symmetrical  aileron  deflection  to  compensate  for  the  changed  lift  produced  by  gust* 

•  Simultaneous  deflection  of  the  elevator  to  compensate  for  the  pitching  xa*ent  of  Che 

syaaetrical  allerona 

•  Oelayed  deflection  of  the  elevator  to  compensate  for  changed  life  on  the  horlcontal 

tail  produced  by  guacs. 

gxcelltnt  results  with  respect  to  systeas  efficiency  were  expected  on  account  of  tha 
extensive  investigations  in  systeas  theory  end  wind  tunnel  tests.  Th*  results,  however, 
elso  revealed  the  Halt*  of  real  syatea*  (measuring  accuracy,  delay*.  Halted. deflection 
speed) . 

Th*  expected  efficiency  of  ch*  OLGA  syatea  was  tested  fay  tiauletlon  runs  in  th*  wind 
tunnel  end  by  nuaericai  simulation  of  th*  rigid  aircreft  Medal  including  hardvare-in-th*- 
loop  (actuatora,  sensors).  Th*  reduction  in  vtrticel  acceleration  above  the  frequency 
range  produced  by  guacs  is  used  as  evaluation  criterion,  for  th*  simulation  runs,  the  else 
history  of  guet*  was  deceralnad  by  th*  so-celled  Orydan  spectrum  in  flight  direction, 
which  defines  gust  intensity  ss  *  function  of  froqutney  and,  by  this,  simulates  to  a  sa¬ 
tisfactory  degree  of  accuracy  th*  natural  conditions.  As  th*  stochastic,  behaviour  of  gusts 
could  bo  reproduced  accurately,  s  cost-effective  optimisation  of  th*  system  parameters  we* 
possible.  The  simulation  rune  showed  ch*  effect*  sf  non-llnaoritiet,  but  not  of  the  elae- 
tlc  modes  of  wing  and  fuselage,  because  of  tho  rigid  aircraft  model. 

Th*  first  flight  test  shoved  in  excitation  of  th*  firet  v)ng  bending  mod*  at  5.7  Hs 
and  a  relatively  slight  gust  load  alleviation  in  the  low  frequency  rang*.  Tig.  3  depicts 
the  power  denelty  spectrum  of  vertical,  acceleration  in  This  flight  with  th*  OLGA  systaa 
switched  on  and  oft,  Th*  clearly,  visible  excitation  of  structural  vibration  at  approxima¬ 
tely  7  dl  was  provoked  by  th*  pitta*  shifting  between  the  gust  sisnal  and  th*  OLCA  aileron 
deflection.  In  th*  elgentrequen&y  ring*  of  th*  firet  vlng  oer.ding  mod*  it  achieved  HO*. 

Flight  tuning  has  alio  shown  that,  by  reducing  vertical  sceeleraclona  in  tha  fre¬ 
quency  range  of  up  to  2  Hs,  the  passenger*'  autceptibllity  To  airsickness  In  th*  frequency 
rent*  between  A  and  t  Hs  teems  to  be  increased,  since  th*  latter  range  now  represents  « 
dominant  portion  of  the.  frequency  spectrum. 

To  solve- this  problem,  technical  eqaipmtnt  mod' fleet  Ion*  (reduction  o £  phase  shift, 
notch  filters)  hed  to  be  performed. 

Flight  testing  of  this  new  configuration  revsalsd  a  marked  iaprovesent  in  system  per- 
foreanct.  Fig.  A  shows- ch*  vertical  eccolOTStion  spectrum  steer  nodlficatlon  in  oc»  <<f  th* 
flights  and  demonstrate*' 

•  satisfactory  gust  load  alleviation  in  tha  law  frequency  rartgn  by  approximately  10  dB 

•  negligible  excitation  of  structure!  yibratipna  in  tha  3-4  Hi- frequency  rang* 

•  piesiv*  system  behaviour  in  the  higher  .frequency  range, 
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Tha  deicrlption  of  the  Old  develepxent  «t«»»  has  »hovn  that  the  frequency- rang* 
including  t.Js<t  flrat  bending  nod*  of  wing  and  tutelage.  am  V*  taken  into  account,  tn  or¬ 
der  10  ixprove  p****ng*r  contort,  This  xeani  that  th*  frequency  rang*  between  0. 1  Mt  and 
15  Ms  sum  be  considered,  To  attain  thi*  goal,  a  structural  vibration  deeper  *u*t  be 
designed  tn  addition  to  the  gust  load  alleviation  ayatex.  Ter  tbit  purpeae,  tbs  dyr.**lct 
of  th*  elastic  aircraft  oust  b*  nodalled. 


1.  HATHKHATICAL  HODIt  or  AX  SUiTIC  AIRCRAFT 

7b*  dynsxiea  of  an  elastic.  aircraft  it  being  described  tt  lint  in  t«o  atapa  bated  on 
Duncan'*  'sixt-rUld  ntthod*. 

In  *  first  step,  th*  aircraft  la  considered  a*  a  rigid  body  with  Its  s**s  concentrat¬ 
es  in  the  centre  of  gravity.  The  contra  of  gravity  save*  on  tha  Slight  pstn.  At  tn  ar¬ 
bitrary  point  of  the  Slight  path,  th*  **-csl}sd  steady  stats,  th*  agnation*  of  Ration  of 
xtner  deflections  of  th*  rigid  aircraft  related  to  th*  stability  axes  can  be  indicated  in 
lin*ar  tors. 

In  a  attend  stap.  th*  structural  vibratieni  of  th*  elastic  degree*  of  Srsadon  at  the 
airfras*  are  described  in  the  fora  of  aircraft-fixed  coordinates. 

Via  th*  unsteady  aoredynaxic  forces,  th*  rigid  aircraft  nodal  to  then  coupled  with 
th*  structural  nouel. 

5.1  Rigid  At 'craft  Model 

The  rigid  aircraft  nodtl  is  generated  for  th«  longitudinal  notion  of  th*  6a  296  air¬ 
craft.  In  this  case,  the  frequency  spacing  between  the  short  period  notion  (!,,«.  *  0.1  Xa) 
and  th*  phugoid  node  <f.u  *  0.02  Ms)  is  so  big  that,  by  *pprexi»«tien,  both  ndViona  can  be 
considered  as  decoup.ed.  As  the  static  longitudinal  stability  is  determined  by  the  air- 
frax*  design  and  the  frequency  spacing  is  vary- big  between  phugoid  and  structure  bending 
nodes  (fu  •  5  Xi,  tr  *  12  Mg),  the  phugoid  nation  can  bo  neglected. 

The  subayatea  characterised  by  th*  short  period  notion  is  described  by 

*R  "  *x  *R  ♦  **  H  M 

with  th*  state  vector  x|  •  (ay  g)  In  state  representation. 

1.2  Structural  Vibration  Kodel 

The  nathexaticsl  nodol  for  structural  vibration*  of  the  airfraa*  is  generated  in  alt- 
craft-fixed  coordinate*  for  th*  petition  on  the  flight  path  which  is  described  by  the 
eguatiens  of  notion  of  th*  rigid  aircraft. 

Th*  aircraft  structure,  which  neves  freely  in  the  airspace,  is  studied  now.  its  agna¬ 
tions  of  notion  are  based  on  the  following  assuaptionsi 

•  Compared  with  th*  dlnenslon*  and  notion  of  the  rigid  aircraft,  elastic  defamation  la 
iaall.  and  XOOXg'a  law  ia  applicable.  Then,  th*  olastnnechanlcal  behaviour  can  bo 
described  by  seen*  of  linear  equations. 

*  The  aaauned  structural  weight  is  invariant  (fuel  consuaption.  for  instance,  ia  not 
considered). 

>  The  elastic  structure  with  an  infinite  nuaber  of  degrees  of  freedoa  is  replaced  by  a 
ayaeen  with  a  Halted  nusber  of  degrees  of  freedon. 

Tbs  ttodel  of  th*  elastic  degrees  of  freedon  la  generated  by  neans  of  the  dunbbell 
node!  ay-ptosch  by  dlaamticing  the  airfraa*  into  five  nasaes  (fig.  5).  The  resulting  sub- 
•edolfl  or  wing  and  fuselage  eexprls*  tne  rigid  body  notion  'heave'  and  the  first  fays- 
setficai)  and  second  (atynxetrical)  natural  bending  nod,-. 

As  the  rigid-notion  has  already  baen  described  by  the  rigid-aircraft  nodal,  it  Bust 
be  eliminated  frets  the  structural  nodal.  Tha  olinination  of  the  rigid-body  notion  leads  to 
static  vibration  aquations  which  are  used  for  the  studios  of  dynanic  response  by  structur¬ 
al  eochanica.  King  and  fuselage  vibration  frequencies  are  known  fron  static  vibration 
taste  conoUi.tod  on  Do  226  aircraft.  In  th*  fcaquoncy  range  nf  up  to  15  He,  which  is  of  in¬ 
terest  hare,  tha  first  bonding  nodes  of  wing  (fu  •  5. A  Hr)  and  fuselage  (fr  *  12  Hr)  have 
bean  identified  aa  a  aajer  influencing  factor.  Therefore,  the  structural  nodal  can  also  bo 
r*due*d~by  the  othor  vibration  sodas  included. 

1c r  this  purpose*,  th*  following  proceeding  vaa  devised: 

let  atop:  Calculation' of  the  eigenvalue  problea  for  the  undanponod  submodels* 

2at  atetfi  Order  reduction  Hi  subnodols 
3rd  atop;  Suparlspoaltisn  of  subnodola 
Sth  scop;  Eliolnation  of  th*  rigidrbsdy  notion  'heave*. 

for  the  two  subscdele  the  calculations  of  ocop  1  provide  the  natural  nodes  and  assign 
then  definitely  to  the  elgenfrequahcle*.  As  a  structural  dynamics  nodal  is  required  which 
correctly  reproduces  the  first  bending  nudes,  of  wing  and  fuselage,  It  la  laportant  to 
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preaetve  their  eigenfregsenclt*  iMpiu  the  reduction. 

Sr  <!*?  5  iMi  r»c«lr*n<nt  i*  fulfilled  by  an  order  reduction  which  correspond*  to  *n 
inteaplate  nodal  traftst^rnation.  Conditional  *<t»etlont  (or  the  required  coordinate  trana- 
formations  can  It  diietmined  from  the  orthogonality  relation*  at  tb*  eigenvector*  by  mean* 
at  th*  diagonal  «***  sf.rU  at  mechanical  syettns.  Th*  reduction  if  the  2nd  banding  Rada 
tat  the  individual  submodel  can  bt  performed  in  this  at*?. 

Th*  rigid  body  nation  can  only  b*  eliminated  In  ate?  *  tar  the  model  auperln?o*td  in 
ate?  J,  sinee  It  £?  this  coordinate  transforascion  that  couples  vin*  and  fuselage  motion. 

Vt-i  structural  nodel  tgdstad  te  the^ceprdinate*  at  v?ng  naaa  and  tall  »*»*  xT« 
and  vl*=-the  state  vector  xg  *  {«y^  s-jj  *wh  ®TK*  in  state  representation  lac 
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1.2  hodol  at  Unsteady  Aerodynamic  Fare** 

Vibrations  at  the  wing  ara  excited  by  unsteady  aerodynamic  forto*  (e,g.  caused  by 
gustn).  They  art  classified  as  a  self-excited,  non-linear,  dynamic  oaelll-uor.  A*  the  air 
Slav  supplies  the  energy,  special,  tie*  telf-exciud  oscillations  at*  induced. 

Incident  flow  la  considered  an  constant.  Litt  changes,  therefore,  daauud  cn  the  litt 
coefficient  vhuh,  in  tarn,  primarily  depend*  an  the  angle-of-auack.  Vita  th-t  rigid  etr- 
cratt,  the  tine-variant  engle-of-attack  1*  assumed  to  be  constant  over  tn«  complete  wing. 
Thi*  does  not  apply  to  «  vibrating  “in*  a*  a  result  et  the  deformation.  in  the  latt«r 
cam,  tin  angle-of-attaek  or  directly  the  presaura  distribution  su*t  be  considered  aa 
tine-variant  and  dependent  on  location. 

A*  regard*  the  teat  aircraft  Co  223,  a  method  au*t  ho  chosen  for  the  calculation  of 
the  aneteady  eerodynaaic  forces  in  the  subsonic  range  which  deacrlhea  the  behaviour  of  cho 
aerodynamic  force*  with  a  satisfactory  meesure  of  accuracy  and  comparatively  low  calcula¬ 
tion  efforts.  The  easiest  way  la  to  assume  qussl-atationary  aerodynamic  force*.  The  egaa- 
tians  of  notion  are  then  linear. 

Aa  the  dltcrete  naists  o t  the  wing  neve  independently,  only  th«  nasaea  moved  devn  ec 
a  certain  accent  generate  additional  lift,  while  the  other*  decree**  life.  This  1*  record¬ 
ed  by  seen*  of  superinposltlon  in  the  changing  overall  angle-of-attacV  which  i*  distribut¬ 
ed  according  to  ass*  discretisation. 

The  rigid  aircraft  nodel  is  then  superimposed  with  the  reduced. structural  nodal.  On 
account  of  the  additionally  recorded  vortical  acceleration  of  tho  wing,  tbs  structural 
dynamic*  is  coupled  to  the  rigid-aircraft  nodel  via  tho  changing  overall  *ngl*-of-*tt*«k, 
and  ia  coupled  vice  versa  via  the  unsteady  aerodynamic  force*. 

Any  mnsforaatlon  related  to  the  wing  model  must,  therefore,  ales  be  applied  to  the 
aerodynamic  nodal. 

the  resulting  nodel  (including  additive  eoiaes)  represents  stable  dynaslcsi 
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linear  Siaulation  it  intondsd  to  verify  whether  Ihe-sathesatical  nodal  approxlnsto a 
the  vertical  acceleration  sptetra  (rig.  3  OtCA  Off)  roeorded  in  flight  tenting  with  a  sa¬ 
tisfactory  oeasure  of  accuracy. 


In  haruvare-in-tha-losp  ainulatlon,  variicsl  excitation  gusts  vara  determined  by  the 
nsthemsticslly  easier  Dryden  spectrum  in  flight  direction,  aa  there  is  only  a  ninor  dif- 
farene*  bPCvoan  the  tvo  apectm.  Aa  a  power  density  spectrum  can  be  generated  by  nany  mt- 
thsnatical  subfunectons,  it  is  sufflcisnt  for  technical  .applications  to  have  the  aaa* 
power  density  spectrum  for  original  and  sUulfstion  functions.  The  simulation  function  i* 
gsnsrated  by  a  first-order  ciao-leg  filter  from  the  Cauas-distrlbuted  rando»  number* 
(white  noise). 


Given  th*  noise  quantity  y  »  ac  and  th*  noise  input  v  *  sCo  the  following  noise  model 
in  ststo  representation-result* 


16*5 

V  »  Jtjj  V  ♦  )Q  v  '  (*)• 

The  following  result  1*  provided  fre»  (J)  for  th*  overall  syateat 


The  calculated  frequency  respena*  A(f)  *  B«(f)/«e(0  l*  depicted  in  Fig.  B.  In  con¬ 
sideration  of  th*  heavily  reduced  codel  and  »  location  of  the  vertical  accelerosetar 
-which  was  l.JO  a  oft  of  tho  centre  of  grawi.  in  tha  toot  aircraft,  a  eo*parlsoh  between 
saasured  and  calculated  povor  deniity  ap*s«~„^  (Fig.  J)  revealed  satiafaetory  agreeaant. 

The  SICA  feed-forward  control 

u  »  »  P0  v  16} 

i>  determined  fro*  the  steady  Slits  n#quir«»*nta  of  tha  rigid  Aircraft  Jrea  *g0*e* 

Is  consideration  of  tha  oieitroBeehanical  actuatora  (f A0  »  S  Hs)  for  tha  aynsatrieil 
ailerons  I,  and  s^a  elevator  q  u**<  in  th*  flight  tasting  by  »a»n*  of  th*  dynasis*  si  a 
second-order  tlBo-lag  eloseiit 
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A  closer  look  at  tha  aystaa  Matrix  in  explain*  tha  flight  tact  results  according 
to  which  the  OtCA  systas  has  first  axcitad  tha  aircraft  structure.  “he  inavitahl*  affoct 
of  tha  OLCA  food-forward  control  on  tha  structural  dynanics  correspond*  to  a  posltiva 
feedback,  vfclch  batoaea  apparent  only  above  th*  frequency  of  2  lit,  because  th*  eigen- 
frequenclec  of  tha  structural  dynanics  at*  in  this  order  of  magnitude. 

A  eoapaHsovi  between  th*  calculated  frequency  response  A(f)  (Fig.  7)  ar.d  tho  cor¬ 
responding  results  fros  the  first  flight  test  {Fig.  2)  clearly  show*  the  explained  cou¬ 
pling  offset  between  th*  OLCA  gust  alleviation  syates  designed  for  tho  rigid  aircraft  and 
th*  *l**ti?  aircraft  structure. 

The  calculated  frequency  response*  confirm  thst  tha  aatheastical  oodel  reproduce*  th* 
effects  to  investigate  to  a  satisfactory  degree  of  accuracy. 


A.  DISICK  OF  TSE  ACTIVE  STRUCTURAL  OAMFER 

Cuas-or.ei.tcd  structural  vibrations  shall  be  suppressed  by  an  active  vibration  dssper 
in  the  range  of  the  eigentraqueneia*  of  the  firat  banding  nodes  of  ving  and  fuselage.  The 
frequency  response  Atju)  of  the  load  factor  of  tho  central  bass  is  again  se. acted  as  a 
erasure  for  the  vibration  intanaity.  Th*  passenger  contort  can  b*  aeaaurad  directly  by 
this  losd  factor  response.  The  control  target  thus  consists  in  reducing  tho  esplitudas  of 

this  froquoney  response  within  the  range  fcoa  2  Re  to  IS  Hz. 

In  order  to  ainlnix*  the  technical  scans  it  is  intended  to  sake  uso  of  control  sur¬ 
faces  that  exist  already  on  the  aircraft  as  far  as  this  is  possible.  With  *  view  to  Ante- 

gratia:  the  OLCA  systts,  sysaetrical  ailerons  snd  *n  elevator  are  planned  for  the  Do  l.t. 
Since  these  control  turfeees  ere  decoupled  as  far  as  th*  actuator  influence  on  tho  struc¬ 
tural  vibrations  is  concerned  the  vertical  speeds  of  wing  and  tail  bass  can  be  fad  back  to 
th*  associated  control  surface.  Both  controller  states  can  be  Beaaured  with  aecelero- 
attars,  which  ere  the  aost  suitable  sensors  for  this  purpose. 

The  control  lav  to  be  calculated  roads t 

u  ’  UAE  *  "  K*  *£  *  *  *o  CE  XE 
with  tho  output  feedback  satrix 
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and  the  aeaaurlng  satrlx  C£  *  (0  1}. 

In  erder  shat  tho  control  paraaoters  can  ho  optimised  directly  tovarda  cho  cargos 
aentioned  ahovo  tho  dayiatlon  o i  sho  frequency  roaponao  A(jw)  fro*  a  glvon,  opsiaal  fre¬ 
quency  roaponao  Aopt(jw)  la  alniaised  In  sho  lora  of  a  penalty  {unction. 

Another  penalty  {unction  o{  the  oigentrequeney  devlationa  between  controlled  and  un- 
controlled  ayotea  la  to  avoid  that  the  algorltha  sake*  the  olgonvaluea  novo  tovarda  in- 
(inlty.  However,  the  calculation  haw  to  bo  carried  out  in  conjunction  with  the  overall 
nathenatieai  node!  {or  the  alreratt  (il.  In  principle,  all  dynaaieal  porciorta  which  nay 
occur  (e.g.  actuators)  can  bo  taken  into  account  that  way.  Tho  frequency  roaponao  valuoa 
are  coaputed  directly  Iron  the  atato  representation. 

The  dynaaica  o {  tho  atructural  daapor  actuators  coapated  to  tho  alreralt  aoveaont 
cannot  be  neglected  since  tho  olgonCrequancies  are  within  the  aodel  (requency  range.  In 
principle,  there  a  two  possibilities  o(  solving  the  problem 

•  Application  o{  quicker  actuators, 

•  Suitable  signal  leedback  via  the  actuator. 

The  effect  of  the  actuator  dynanlea  on  tho  presented  control  eoneept  has  to  be  vori- 
tied  in  any  case.  Tor  this  purpose,  tho  dynentca  of  tho  actuators  la  expressed  as  second* 
order  tlao-lag  element* 

*AS  *  AAE  *AE  *  #AE  UA£  t10’ 

*AE  "  CAE  *AE 

Inclusion  of  the  coupling  u  -  yAS  results  in  the  aodel 
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For  the  prelialntry  assueed  actuators  with  c  proportional  behaviour  (Fig.  t)  the 
aaplitude  reduction  lor  tho  oigonfroquoney  ot  the  first  bending  node  la  7.6  dB  on  tho  wing 

at  5. A  l(:  and  7.5  dB  on  the  fuselage  at  12  Its.  This  correspond  to  a  reduction  of  the  load 

factor  to  less  than  half  tho  value,  but  has  to  be  paid  with  a  snail  aaplitude  rise  in  the 
frequency  range  froa  6  Hs  to  B  Hs. 

Investigations  showed  that  cont {deration  of  tho  actuator  dynaaica  greatly  influence* 
the  results.  It  is,  for  instance,  possible  to  prove  by  way  of  the  eigenvalues  chat  tho  use 
of  actuators  with  a  cut-off  frequency  of  leas  than  10  He  results  in  instablo  dynaate 
characteristics.  The  physical  reason  for  chit  phonoaenon  is  the  higher  first  bending  sode 
of  tho  fuselage  (tr  •  12  Ns). 

In  case  actuators  with  an  eigenlrequeney  of  10  Hs  are  available,  the  aaplitude  of  the 

fuselage  elgenfrequoncy  can  be  dialniahed  by  «  5  dB  according  to  Fig.  I. 

With  a  atructural  daapor,  a  slight  aaplitude  reduction  of  approxiaately  2  dB  it  ad¬ 
ditionally  achieved  in  the  frequency  range  belov  2  Hx. 

Thla  represents  an  iaportant  iaproveasnt  with  regard  to  the  acceleration  weighting 
(Fig.  1). 
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5.  COMBINATION  OF  GUST  LOAD  ALLEVIATION  AND  STRUCTURAL  DAHFIKG 

On  account  ot  tho  results,  obtained  with  the  OLSA  gust  alleviation  aystea  In  the  fre¬ 
quency  range  froa  0,1  Hs  to  2  Hz  and  with  the  activo  structural  daapar  in  the  frequency 
range  froa  2  Ht  to  IS  Hz,  a  coablnation  of  both  aethods  is  aiaed  at,  which  offers  both 
advantages. 


Based  on  the  state  equations  (0)  and  Oil  the  dynaslct  of  the  coaplete  systea  can  b« 
expressed  as  follows  (Fig.  9): 
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Since  the  fead-forvard  control  of  OLGA  (6)  excites  th*  elastic  dynamics  of  th*  air¬ 
frame  (1),  and.  In  torn,  the  atructural  damper  (9)  data  not  taka  tho  OLOA  food-forward 
control  Into  account,  simple  addition  of  both  ayatooa  dooa  not  load  to  th*  dotlrod  re¬ 
sult. 


On  tho  contrary,  experience  showed  that  a  two-stage  optimisation  strategy  -  negloiit- 
lng  the  actuator  dynamic*  -  la  the  right  way.  Hare,  the 

first  step  la  repraatntod  by  the  optimisation  of  the  fotd-ferward  control  with¬ 
out  the  atructural  deeper,  while  the 

second  atop  consists  In  the  optlalsatlon  of  the  atructural  damper  with  tho  feed¬ 
forward  control  being  fixed. 

fig.  10  gives  th*  resulting  frequency  response  A(t)  for  the  assuaptlon  that  aycaetri- 
ca!  ailerons  and  an  elevator  are  available  as  control  surfaces  tor  the  OLCA  system  and  the 
active  structural  daaper.  The  feedback  signals  which  actively  Influence  the  structural 
vibrations  are  nixed  with  those  of  the  feed-forward  controller  of  the  OLCA  system.  In  the 
frequency  range  between  0.1  Hs  and  2  Ks,  the  control  concept  results  in  an  amplitude  re¬ 
duction  betveen  about  5  d&  and  1!  dB  (refer  to  paragraph  2,  fig.  A),  With  rog-cd  to  tho 
elgenfrequency  of  wing  and  fuselage,  the  frequency  response  is  reduced  by  7.5  dB.  As  far 
as  the  load  factor  Is  concerned,  this  corresponds  to  a  raduction  of  bstveen  £0  x  and  50  X 
for  frequencies  below  2  Its,  and  up  to  50  X  above  thla  frequency. 

The  first  bending  nodes  sre  cospletoly  ollainated.  In  tho  frequency  range  above 
IS  Ha,  which  has  not  yet  been  Included  in  the  mathematical  model,  tho  amplitude  peak  In¬ 
creases  depending  on  the  actuator  frequency  of  the  structural  damper  and  due  to  the  feed¬ 
back  gain  (see  Fig.  I).  Every  incresse  In  actuator  frequency  by  10  H:  entails  s  reduction 
of  tho  amplitude  peak  by  5  dS, 

Considerable  improvement  of  these  results  esn  be  expected,  It  separate  control  sur¬ 
faces  can  be  applied  to  gust  load  alleviation  and  structural  damping. 

For  this  purpose,  additional  trailing  edge  flaps  aro  used.  The  control  signals  of  the 
OLCA  feed-forvtrd  control  sre  coupled  to  the  trailing  edge  flaps  and  e  elevator,  while 
the  symmetrical  ailerons  snd  the  elevAtcr  remain  the  control  surfacaa  of  the  structural 
damper. 

Th*  frequency  response  (Fig.  11)  now  ehow*  the  expected  reOuction  of  the  amplitudes 
In  the  whole  frequency  range  from  0.1  II:  to  15  He.  Below  1  Hi,  the  reduction  la  alnost 
constant  at  15  dt  (50  X).  Hith  regard  to  the  oigenfraquency  on  the  wing,  tho  frequency 
response  is  reduced  by  10  dB  (70  X),  and  on  th*  fusolage  by  7.5  dB  (60  X).  The  problems  0/ 
th*  actuator  frequency  of  the  structural  damper,  however,  remain  unchanged. 

Tho  design  goal,  which  consists  in  combining  tho  advantages  of  the  OLGA  system  In  the 
lev  frequency  range  with  those  of  the  active  structural  damper  in  the  upper  range,  is  thus 
achinved. 


6.  C0HCLU5I0H5 

For  regional  airliners  like  the  Oo  22B,  bad  veathor  conditions  represent  a  signifi¬ 
cant  measure  of  passongor  comfort.  Th*  achieved  degree  of  passenger  comfort  can  be  in¬ 
dicated  by  the  ride  discomfort  index  (HOI).  For  the  celculatlon  of  this  index,  airersft 
acceleration  reaction  due  to  gusts  Is  tsken  into  consldaration  by  applying  certain  weight¬ 
ing  factors  which  psrticultrly  ovaluatw  tho  psssengers'  susceptibility  to  airsickness  in 
the  frequency  range  between  0.1  and  2  Hs,  and  the  fundamental  mode  of  nan's  vertebral 
column  at  frequencies  from  A  to  6  Hs. 

In  the  present  contribution,  *  system  for  ride  quality  improvement  has  been  present¬ 
ed,  consisting  of  the  OLCA  gust  load  alleviation  system  fc<  the  lower  frequency  range  up 
to  2  Hs,  and  an  active  atructural  damper  for  the  frequency  range  between  2  and  15  Hs. 

Th*  OLCA  system  was  developed  applying  the  opon  loop  prineipls  (open  Aoop  jguit  al¬ 
leviation):  It  was  subjected  to  comprehensive  ainulation  runs  and  flight  testa. 

Oust  alleviation  Is  achieved  by  direct  lilt  control  via  tho  symmetrical  ailerons  and 
tht  elevator  whoso  deflections  depend  on  tho  time-history  of  tho  gust  sngle-of-attack, 
calculated  in  the  digital  signal  processing  unit. 

The  OLGA  system  Improves  the  passenger  comfort  clearly  by  reducing  tho  gust-excited 
vertlcel  acceleration  in  the  frequency  range  from  0.1  Hs  to  2  Hs. 

Another  flight  test  result  was  tho  finding  that  reduction  of  tha  vertical  accolora- 
tiona  In  the  frequency  rango  below  2  Hs  caused  an  apparent  Increase  in  the  sensitivity  of 
the  human  body  at  frequencies  between  A  Hs  snd  B  Hs.  This  problems  caused  by  the  excita¬ 
tion  of  structural  vibrations  vore  solved  vith  tho  design  of  sn  active  structural  dinpor. 

To  keep  the  order  of  the  required  mathematical  model  low  the  model  of  the  elastic 
degrees  of  freedom  vis  reduced  to  the  first  bending  modes  of  wing  ano  fuselage.  The  un¬ 
steady  aerodynamic  characteristics  vers  greatly  simplified  snd  assumed  to  be  quasi- 
statlonary.  Accelerometers  vera  used  ss  sensors  in  tho  wing  and  tail.  Tho  control  signals 
of  the  active  structural  damper  were  mixed  vith  the  OLCA  control  signals. 
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Tha  tlaulatien  ahovad  that  the  frequency  reaponae  o t  the  nodal  corretponda  veil  vlth 
tht  reaponae  aeaaurad  during  the  So  UR  TUT  tut  tlighta  and  chat  tha  effect  of  tht  drat 
bending  nodea  o £  ving  and  tutelage  can  b*  aupprtattd  coaplately.  Ttiaaa  praroquiaitea  in¬ 
clude  tht  availability  of  highly  efficient  acluatota  vith  a  high  elgentrequency  (>  20  Kx) , 
but  vith  low  acplitudaa. 

A  lurthtr  eonaidorablt  Uprovesant  of  tha  paaatngtr  eoafort  could  bo  roaehtd  in  tht 
vhola  frequency  ranga  ftoa  0,.  1  Hx  to  IS  Hs  by  uaing  trailing  adgt  tlapa  aa  additional 
control  butfacta. 
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Functional  Diagraa  of  the  Guat  Alleviation  Syatea  OLGA 
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SUMMARY 

Vortax  systems  can  ba  hazardous  to  trailing  aircraft  which  ancountar  thus  in 
flight.  Tha  greatest  ha  card  occur*  in  araaa  where  aircraft  from  a  wide  ranga  of  claaaaa 
operate  and  whara  tha  flight  paths  ara  cloaa  to  the  ground.  llpwash  valocltiae  Induced  by 
the  wake  vortlcea  can  ba  equivalent  to  tha  design  gust  velocities.  Furthermore  different 
type*  of  hazardous  affects  exist  when  encountering  the  vortex  eysterc,  such  os  Imposed 
rolling  and  pitching  moments,  a  lots  of  rate  of  climb.  a  loss  of  altitude  and  structural 
loads. 

This  paper  describes  an  investigation  of  aircraft  response  and  pilot  behaviour 
during  takeoff  when  a  wake  vortex  is  encountered  perpendicular  to  tho  vortex  axis.  Tire 
aircraft  response  is  calculated  by  nonlinear  digital  simulation  with  a  mathematical 
model  of  a  wake  vortex  system  close  to  the  ground.  This  real-tine  vortex  model  Is  also 
used  In  tha  Boeing  B727  sloulator  of  Deutsche  Lufthansa  in  order  to  examine  tho  pilot 
behaviour.  Close  to  the  ground,  The  uake  vortex  system  Induces  additional  horicontal 
velocities.  There  exists  a  critical  flight  path  where  very  large  g-loads  are  Induced  by 
vertical  and  horltontnl  vortex  velocities  and  normal  vertical  acceleration  shortly  after 
takeoff.  Often  the  pilot  will  attempt  to  counteract  these  g-loads,  but  this  produces 
only  a  snail  effect. 


List  of  Symbols 

b  wing  span 

Cj  lift  coefficient 

c«  reference  lift  coefficient 
CJa  lift  derivative 

DR  vortex  rotation  direction 
O  aircraft  weight 

II  aircraft  altitude 

k  lift  distribution  factor 

n2t  vertical  g-load 

q  pitch  rate 

q4  relevant  aerodynamic  pitch  rate 
q^  rotation  rate  due  to  dlatubances 
R  radius 

Rc  vortex  core  radius 

Rji  aircraft  vertical  location  from  vortex  center 
Rx  aircraft  horicontal  location  from  vortex  center 
S  wing  aurfaca 

t  time 

uVy  component  of  tangential  vortex  velocity  along  flight  path  direction 
u^  component  '  wind  velocity  along  flight  path  direction 

V  flight  velocity 

VR  reference  flight  velocity 

vvc  tangential  velocity  at  the  edge  of  tho  vortex  core 
VVh  horisontel  component  of  tangential  vortex  voloclty 
Vw  vortex  motion  voloclty 
Vvt  tangential  vortex  velocity 

wVg  vertical  component  of  tangential  vortex  velocity 
vHg  vertical  component  of  wind  voloclty 
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a  angle  of  attack 

r  circulation 

rc  circulation  at  tbo  edge  ot  vortex  corn 
a  variation 

n  elevator  deflection 

0  pitch  attitude 

a  air  daualty 


Indices 

C  core 

V  voctax 

t  tangential 

h  horltontal 

-  Infinity 

g  geodetic 

It  height,  altitude 

R  reference 

X  horltontal  dletance 


1 .  INTRODUCTION 

Every  aircraft  generates  a  pair  of  counter  rotating  vortices  trailing  from  the  wing 
tips  which  can  be  hasardoua  to  other  aircraft  encountering  then  In  flight.  The  greatest 
Retard  occurs  In  aroas  where  aircraft  frota  a  wide  range  of  classos  operate  and  whore 
the  flight  paths  are  close  to  tho  ground.  The  existence  of  wake  vortlcoa  restrict  the 
nunber  of  airport  operations  (takeoffs  and  landings)  to  an  increasing  degree.  Release 
for  takeoff  can  not  be  given  before  all  potential  encountere  near  the  ground  aro  ex¬ 
cluded.  Likewise  during  the  landing  approach,  the  aircraft  muat  be  separated  from  each 
other  to  avoid  such  encounters.  Reduction  of  the  dtotance  between  aircraft  during  tho 
landing  approach,  better  utilisation  of  parallel  runways  and  specified  release  for  take¬ 
offs  regulre  precise  knowledge  about  the  vortex  intensity,  shape  and  movement.  Further¬ 
more,  the  aircraft's  and  pilot's  behaviour  la  ot  interest  during  the  vortex  encounter. 

A  vortex  encounter  can  be  classified  Into  one  ot  the  format  The  encounter  along  the 
vortex  axis  direction,  which  Inpoaes  rolling  moments,  a  loss  of  rate  of  climb  and  n  loss 
of  altltudei  and  tho  encounter  perpendicular  to  the  axis,  which  Imposes  pitching  moments 
and  structural  loado  (lj  (Figure  1). 

Tho  second  form  can  oe  possible  near  the  ground,  when  tho  airport  has  crossed  run¬ 
ways,  ana  when  a  takeoff  occura  shortly  after  a  landing  (Figure  2) . 

The  Institut  fUr  Flugmechanlk  ot  the  Deutsche  PorsciiungsanstalL  fSr  Lufi-  und 
Raumfahrt  (DLR) ,  In  cooperation  with  the  Deutsche  Lufthansa  (DLll),  carried  out  Investi¬ 
gation  of  aircraft  response  and  pilot  behaviour  during  takeoff  when  a  vako  vortex  Is 
encountered  perpendicular  to  the  vortex  axis.  Tho  aircraft  response  was  calculated  by 
nonlinear  digital  simulation  using  a  simple  mathematical  model  for  a  wake  vortex  systom 
close  to  the  ground.  In  order  to  oxamine  the  pilot  behaviour,  this  model  was  used  In  the 
0737  moving  cockpit  simulator  of  DLH>  The  pilot  Inputs  and  the  aircraft  responso  wore 
monitored  during  41  simulated  encounters. 


I.  X  SIMPLE  MATHEMATICAL  MODEL  OF  A  WAKE  VORTEX  SYSTEM  HEAR  TO  THE  GROUND 

1.1  THE  SINOLE  VORTEX 

2.1.1  COMPARISON  OK  MODELS 

Tho  simplest  vortex  model  Is  the  potential-vortex  well-known  from  tho  fluiddynam- 
ics.  The  circulation  of  the  potential  vortex  is  described  with  the  following  equatloni 

r  -  2  •  Vvt  R 

The  tangential  velocity  Vyt  decreases  to  xoro  as  the  distanco  from  tho  vortex 
center  Increases  to  Infinity,  in  revorse  Vyt  increases  to  infinity  as  the  diatanco  de¬ 
creases  to  xoro. 


V  ■  — L-  ■ 
Vt  2*  R 


Tho  potontlal-vortex  assumes  that  there  is  no  friction  in  tho  flow.  ThiB  model  Is 
not  valid  near  to  the  vortex  center  because  the  friction  can  not  be  neglected. 


Another  simple  model  is  the  RANKINS  model  (3)  which  describes  the  tangential  velo¬ 
city  within  the  vortex  core  in  a  linear  Tors.  At  the  edge  of  the  core  the  velocity  has 
the  ease  magnitude  as  the  potential-vortex.  Outside  the  ftanXlne  and  potential  vortex 
codeia  are  Identical. 


vvt "  mr 

rC  “J*VVCKC 

«c 

vvt  "  Vvc  TT 

R  >  R, 

vvt  "  vvc 

R  «  R( 

Other  codeia*  exist  such  ae  the  exponential  LAMP-podel  and  the  logarithmic  KUHN/ 
UIKl-SRN-POdal  which  will  not  he  described  in  detail  (2}.  In  the  represented  investi¬ 
gation  an  empirical  model  was  used.  The  tangential  velocity  of  this  model  has  the 
following  form 

2  Vvc  Re  R 


Vvt  "  rI  T^T 


The  different  vortex  models  are  shown  in  Plnure  2. 


2.1.2  THE  VORTEX  STRENGTH 

The  strength  or  circulation  of  a  wake  vortex  dopenda  linearly  on  the  aircraft  lift 
which  can  Inturn  be  equated  with  the  aircraft  weight  when  the  flight  path  is  level. 
Therefore,  heavy  aircraft  generate  intense  wake  vortices.  Generally  the  circulation  le 
a  function  of  lift  distribution,  air  density,  wing  span  and  flight  voloclty. 

r«  *  X  p  h  V 

In  order  to  have  a  disadvantageous  condition  (worst  case)  a  0747-2000  was  selectod 
as  the  vortex  generating  aircraft.  Under  landing  conditions  with  maximum  landing  weight, 
the  induced  circulation  was  042  mJ/s .  To  determine  the  core  voloclty  Vvc  and  core  radius 
Rg  which  are  required  to  calculate  the  tangential  velocity  ae  a  function  of  the  distance 
from  the  center,  one  equates  the  calculated  value  of  the  circulation  and  the  genoral 
expreeslom 

r-  -  2  rc  -  4,  vvc  Kg  -  642  fi 

vvc  **c  "  TT  "  51  TT 

To  separata  cora  velocity  and  radius  from  each  other,  it  is  necossary  to  havo  meas¬ 
urements  [3],  [4],  (S ] ,  [6].  Table  1  shows  values  of  moasured  voloclty  as  a  function  of 
time  after  vortex  generation  and  the  calculated  radius  with  the  assumed  circulation. 


vortex  ago 

(nl 

(measured) 

tSsi 

(measurod) 

f\o 

(»'/») 

(assumed) 

"c 

(8) 

(calculated) 

S.4 

43.2 

641.6 

1.13 

16.3 

34.1 

641.6 

1.49 

25.6 

31.1 

641.6 

1.64 

47.6 

25.9 

641.6 

1.97 

Tablo  1:  Hoasurod  vortex  voloclty  and  calculated  radius 
with  an  assuacd  circulation 
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2.2  veloc i t x its  or  a  wax*  voxtkc  trtnm  x*ar  to  the  crowd 

The  slsulatlort  of  the  Aircraft  response  to  disturbances  require*  knowledge  of  the 
vortical  ami  horizontal  disturbance  velocities.  (formally  a  vortex  system  consist*  of  a 
pair  of  wake  vortices,  but  near  to  the  ground  It  Is  necessary  to  assume  a  alrroc  pair  la 
counter  rotating  pair  of  the  sase  distance  and  height,  hut  under  the  ground,  rigure  4). 
Fur  each  point  of  height  and  dletance  that  the  slculated  aircraft  can  reach,  the  voioci- 
ty  component*  of  the  four  vortices  suit  be  calculated  and  applied  against  the  aircraft. 
The  simplest  way  to  accomplish  this  la  by  taking  the  dot  and  cross  products  using  vector 
algebra,  Moure  5  ihow#  the  decomposition  of  the  targentlal  velocity  Into  It*  horizontal 
and  vertical  components.  The  vector  dot  product  yields! 

5  •  XVt  «  |*|  |vVl!  co*  oo*  -  o 


*x 

VVh 

*11 

4 

wVg 

p  , 

,  0  , 

*XVVh*  *11  vVg 


*X  vVh  *  hi  “Vg  -  0 


In  a  left  rotating  vortex,  one  obtains  the  following  vector  cross  producti 


*x 

VVh' 

0 

*1. 

X 

wVg 

m 

0 

0 

0 

*X  tfVg  -  *11  V 

The  absolute  value  of  the  new  vector  1st 


IB  *  Xvtl  "  "x  wVg  "  *11  vvh 
*  ISl  |VVtl  90* 


he  “Vg  "  hi  vVh  “  K  vvt 


how  we  have  two  equations  to  calculate  the  components  wv?  and  V^i 

nx  OR  »  It  left  rotating 

wVg  "  ”DR  r”  vVt  DR  »  -1 i  right  rotating 

V  -  -  ^Jiw 
vVh  Kjg  Vg 


2.3  TI1K  VORTEX  HOTIOM 

Hake  vortices  have  a  Halted  life  cycle  and  do  not  resain  at  the  place  of  origin. 
Plrat  they  cove  downward  and  then  they  cose  apart.  It  is  possible  to  calculate  the  no¬ 
tion  using  a  nunorlcal  Integration  nethod  (simulation) .  Additional  conditions  such  as 
horizontal  winds  or  boundary  laysr  Influences  can  be  considered  In  a  simple  way.  Xn 
order  to  siaulate  the  notion,  three  induced  volocltlea  are  added  in  the  center  of  nnu 
vortex.  The  Resulting  velocity  Is  then  nunerlcally  integrated  so  that  the  center  becomes 
a  new  position.  During  a  short  duration  (less  than  one  elnute)  one  can  assuse  that  the 
circulation  renalns  constant.  Due  to  friction  the  vortex  grows  white  the  tangential 
velocity  dlciniehes.  The  following  equation  can  bo  ueed  to  oaticate  the  vortex  core 
i  radius  as  a  function  of  tine. 

I  Rc(t)  -  ■/  Rc*(t»0)  +  5.10-1!  r(t»o)  t' 

Figures  6  and  7  show  the  results  of  a  simulated  vortox  movement.  During  the  simula¬ 
tion  tine  of  60  s,  the  vortex  pair  coves  downward  to  about  half  of  Its  Initial  distance 
I  and  thon  cocos  apart.  Tho  core  radius  grows  froo  1.3  to  3.5  la  while  the  maximum  tangen- 

;  tial  velocity  shrlnXa  from  40  to  15  m/s.  Tho  velocity  of  the  vortex  core  was  2.3  c/s 

'  j  at  the  beginning,  1.3  e/s  in  tha  middle  end  again  2.3  c/s  at  the  end  of  the  simulation. 

,S  '> 


( 


I7»S 

Tfia  eavewent  Gtpe.vJs  strongly  «R  the  starting  circulation  and  is  decrease  during  the 
v ortex  life  time.  The  vertex  shape  doe*  not  influence  the  «otlon.  Crossvlnds  displace 
iho  vortex  system  sa  ahttvn  in  Hours  e.  if  the  magnitude  o £  the  erosswlnd  has  ths  same 
value  as  the  horixontal  core  velocity  near  to  the  ground#  on#  of  the  two  vortices  re¬ 
main*  nearly  stationary# 


3.  flight  simuiation  in  vortex  isvi  Ksauar? 

J.l  AIRCRAFT  ROIAVIOUR  IK  WIND  DISTURBANCES 

Aircraft  behaviour  In  wind  field*  Is  characterised  by  an  Interaction  between  the 
flight  path  and  the  wind  disturbances.  The  wind  disturbs  the  {sight  path  and  the  new 
resulting  path  is  then  affected  by  other  wind  velocities.  A  simulated  flight  through 
harixentai  windithear  trtoura  31  cAn  be  used  to  derv»nsiraie  this  effect,  A  decreasing 
horisontal  wind  during  a  ianaing  approach  induce*  an  increase  in  the  vertical  speed  of 
the  aircraft!  this  then  increases  the  Use-dependent  windshear  gradient  resulting  in  an 
even  greater  Increase  in  aircraft  vertical  speed. 

•^g  duKe  rt,t 

dt  dll  dt 


'*;»Xa  vortex  systems  are  also  location-dependent  velocity  fields.  Compared  with 
horlsontal  windshear#  they  have  even  greater  shear  gradients.  Therefore  thr  aircraft 
response  strongly  depends  on  the  initial  flight  path  through  the  vortex  fasten. 


3.2  iHraovKum  or  aircraft  simulation  models  through  application  or  rotating  ousts 

In  most  aircraft  models  used  in  simulators,  especially  training  simulators#  the 
aerodynamic  force*  act  upon  the  aircraft  center  of  gravity.  When  the  disturbance  wave¬ 
length  approacho#  the  aircraft  length,  these  models  are  no  longer  valid.  The  disturbed 
aerodynamic  forces  oust  then  be  separated  into  wing  and  tall  force*  to  properly  calcu¬ 
late  the  total  life  and  pitch  moment.  An  improvement  to  the  single  point  models  can  also 
bo  obtained  by  applying  rotating  gusts  which  are  approximated  from  the  difference  in  the 
velocities  at  the  wing  and  tall  locations  (Hour##  10). 


%  "  •>  ’  *»w 

_  -  dV« 

"  "  377- 

The  Influence  of  this  Improvement  l*  Illustrated  in  Plnure  li.  Without  such  a 
'rotating  gust*,  the  simulated  aircraft  decreases  in  pitch  attitude  shortly  after  enter¬ 
ing  the  step  gust  since  the  aircraft  1*  statically  stable.  In  the  case  with  the  rotating 
gust,  however,  the  aircraft  initially  Increases  in  pitch.  Once  the  aircraft  tali  reaches 
the  step  gust,  the  pitch  attitude  then  decreases  in  a  manner  similar  to  the  first  case. 


3.3  AIRCRAFT  BEHAVIOUR  IH  DEPENDAHCK  OS  INITIAL  FLIGHT  PATH 

To  describe  aircraft  behaviour  during  o  waV.a  vortex  encounter  perpendicular  to  the 
vortex  axis#  a  mathematical  model  of  a  B737-200ABV  was  used.  The  initial  conditions  were 
takeoff  configuration#  takeoff  weight  near  the  minimum  (3."'  ton*)  and  initial  stationary 
flight  path.  Elevator  and  throttle  setting*  remained  constant  during  the  simulation.  The 
vortex  parameters  used  were  those  mentioned  above.  Under  the  assumption  that  the  vortex 
lifetime  amounted  to  30  a,  the  core  radius  was  2.5  m  and  the  maximum  tangential  velocity 
20.4  »/s.  The  vortex  system  location  was  fixed  at  a  horlsontal  distance  between  the  vor¬ 
tices  of  52  m  and  a  height  of  50  n. 

The  aircraft  behaviour  due  to  the  following  initial  flight  path  conditions  were 
conslderedi 

1)  horlsontal  encounter 

a)  vortex  center 

b)  core  radius  below  vortex  center 

c)  core  radius  above  vortex  center 

2)  encounter  during  climb 

a)  directly  through  both  vortices 

b)  through  the  center  of  the  left  vortox 

c)  through  the  center  of  the  right  vortex 

Due  to  the  Interaction  between  flight  path  and  wind  disturbances  these  desired 
paths  were  not  obtained  exactly. 


Figure  13  shows  the  simulation  result*  of  an  encounter  during  horltontal  flight. 
The  maximum  vertical  vortex  velocity  l#  nearly  20  p/s,  Horizontal  vortex  velocitiea  are 
quite  small.  They  appear  due  to  the  updraft  of  tha  left  vortex  which  produce*  a  poeitiv 
rate  of  climb  end  causew  the  aircraft  to  fly  through  this  vortex  half  of  a  meter  above 
the  vortex  center.  The  downdraft  between  the  two  verticee  leads  to  a  loss  of  altitude, 
but  not  before  the  aircraft  passes  through  the  right  vortex.  The  horizontal  vortex  velo¬ 
city  disturbs  the  flight  velocity,  the  vertical  component  disturbs  the  angle  of  attack! 
both  lead  to  additional  g-loads.  The  maximum  of  the  lift  coefficient  is  reached  and  the 
additiontl  g-loadt  are  between  -l  g  and  ax  g.  However  the  changes  in  flight  path  are 
small  and  even  at  low  altitude*  not  critical.  Thl*  1*  also  the  case  with  pitch  attitude 
(li.S  degree). 

A  horizontal  encounter  of  the  core  radius  below  the  vortices  height  .esults  in 
large  change*  of  flight  velocity.  The  increase  in  speed  and  angle  of  attach  produces 
additional  g-ljads  up  to  1.3  g  while  crossing  the  left  vortex  (rigors  13).  in  the  case 
of  an  encounter  of  the  core  radius  above  the  vortlcee  height,  the  maximum  g-loads 
occured  at  the  right  vortex  (Figure  U) . 

A  simulated  climb  directly  through  both  vortices  as  shown  in  Hours  15.  The  initial 
climb  gradient  is  equal  to  10  degrees.  Since  the  aircraft  encounterSTTRo  left  vortex 
below  the  center  and  the  right  vortex  above  the  center,  the  flight  velocity  Increases 
twice,  hut  the  disturbances  to  the  angle  of  attach  are  soaliar  than  In  the  case  of  the 
horizontal  encounter.  Furthermore,  the  left  vortex  produce  a  downward  pitch  of  2.S  de¬ 
grees  which  is  recovered  when  the  right  vortex  le  nearly  passed  through.  Climb*  that 
pass  nearly  through  the  center  of  the  left  or  right  vortex  lead  to  the  largaet  values 
of  edditlonal  g-loads  (Figures  is  and  17).  The  results  show  that  the  additional  g-loads 
depend  strongly  on  the  night  path,  and  one  can  search  for  the  critical  path  which  pro¬ 
duces  the  largest  loads.  A  numerical  method  to  determine  the  extrema  of  a  given  function 
le  helpful  for  analysing  this  problem  {?}.  The  vertical  g-load  is  coarsely  described 
with  the  following  equation! 

n8f  *  \  <vR  ♦  *v)i  §  [cJR  ♦  c^ae) 


for  higher  lroqo<mcy  disturbance#,  *uch  a a  turbulence  or  vaX*  vortices,  one  can 
asauaei 
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The  vertical  g-load  then  obtains  ths  following  formi 


nSf  *  'T  ,VK  ”  ^Vg1  ’  f  lCZR  “  CZe 


Ths  rssults  of  searching  the  maxima  end  minima  of  this  function  inside  ths  voloclty 
field  of  tho  vortex  system  sre  shown  In  Figure  10.  Thors  exists  respectively  two  loca¬ 
tion  of  extrsm  values  which  can  be  reached  during  climb.  An  updraft  of  16  m/s  and  hoad- 
voloclty  of  9  m/s  are  produced  at  the  loft  side  below  the  canter  of  the  left  vortex, 
where  the  additional  g-load  is  1,7  g.  The  additional  g-load  minlnum  occurs  i*mvo  this 
vortex  on  Its  right  sidei  the  valuo  is  -1.8  g.  For  both  cases  a  combination  of  vertical 
and  horleontal  vortex  velocity  is  responsible  for  tho  extreme  values. 

During  takeoff  rotation  near  to  the  ground,  the  pilot  produces  further  additional 
g-loads.  figure  19  shows  tha  simulation  results  of  ths  rotating  phase  after  liftoff 
while  encountering  the  vortex  system.  In  order  to  determine  tho  initial  conditions  lead¬ 
ing  to  maximum  g-loads,  the  abova-mentioned  numerical  method  is  again  used  to  search  for 
extreme  values.  The  maximum  of  the  additional  g-load  is  about  1.5  g,  so  that  the  g-load 
safoty  limit  of  2.5  g  is  reached. 


4.  PILOT  BHIAVIOUR 

Simulation*  with  fixed  elevator  and  throttle  settings  during  encounters  with  vortex 
systems  have  shown  that  ths  davlatlon  In  pitch  end  aircraft  altitude  remain  small,  but 
the  g-loada  can  nearly'  roach  the  allowed  limit.  Unforeseen  changes  in  pitch  and  g-load- 
ing,  particularly  near  to  the  ground,  cen  load  to  either  deliberate  or  unconscious  pilot 
reactions.  The  question  is  whether  the  possible  pilot  inputs  can  be  dangerous  to  flight. 
In  order  to  describe  pilot  behaviour  and  its  effect  on  flight  safety,  a  moving-cockpit 
ftudy  on  out  8737  training-simulator  was  performed  {8},  (9].  Pilot  inputs  and  aircraft 
response  were  monitored  for  43  simulated- encounters.  Additionally,  pilot  questionnaires 
were  completod. 
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The  most  Important  result  of  (hit)  study  was  that  tho  pilot  was  unable  to  counteract 
the  g-losd  within  the  two  seconds  It  took  to  cross  tho  vortex  system.  partial  elevator 
Inputs  were  eoasrved  shortly  after  the  encounter  aimed  at  stabilising  or  decreasing 
pitch  attitude,  {hiring  all  encounters,  the  pilot  Inputs  did  not  threaten  the  flight 
safety  with  conditions  such  as  stall  or  significant  altitude  loss.  On  the  other  hand, 
the  safety  Unit  of  additional  g-load  (1.5  g)  was  passed  over  repeatedly,  Fleur*  30 
show*  the  nadnc  of  vortex  encounters  with  apodal  sexiness  or  minimum  g-loada .’"Yflfia  Tn- 
counters  were  sbove  l.S  g.  A  pilot  reaction  during  and  after  a  vortex  encounter  la  shown 
In  Pleura  71 .  After  a  tine  delay  of  about  0.5  s,  the  pilot  push  the  elevator  downward  to 
decrease  pitch  attitude)  however  he  could  not  avoid  additional  g-loada  of  around  3  g. 
Disturbance  with  wavelengths  near  to  the  aircraft  dimension  could  not  be  compensated  by 
an  elevator  Input,  even  If  there  were  no  tine  delay  in  pilot  reaction,  or  if  an  auto¬ 
pilot  were  used.  Only  the  use  of  direct  lift  control  technology  can  e.  interact  these 
disturbances. 

The  mathematical  model  used  In  the  training  simulator  does  not  contain  sections 
that  describe  the  elastic  behaviour  of  the  aircraft  and  Instatlonary  aerodynamic  ef¬ 
fects.  To  assure  that  the  calculation  of  g-loada  U  valid,  these  effects  should  be  In¬ 
cluded. 


5.  COKCl-USIOHS 

HaXe  vortex  systems  can  be  describe  with  simple  mathematical  models  which  are  also 
valid  near  to  the  ground.  These  simple  models  are  a  basic  requirement  for  investigating 
the  aircraft  and  pilot  behaviour  in  a  realties  environment. 

The  present  investigation  leads  to  the  result  that  the  vortices  created  by  a  B747 
at  maximum  landing  weight  can  produce  g-loada  higher  than  the  safety  limit  on  a  0717 
during  taXeoff  at  minimum  taXeoff  weight,  nevertheless,  It  it  neeessary  to  observe  a 
specific  flight  path  through  the  vortex  system.  On  this  flight  path  a  special  combina¬ 
tion  of  horlsontal  and  vertical  vortex  velocities  affect  the  alrtraft.  As  expected,  the 
results  of  a  simulator  study  have  shown  that  the  pilot  cannot  counteract  the  g-loada 
within  the  short  time  of  passing  through  the  vortex  system.  Fortunately  critical  flight 
states  did  not  occur  during  simulations  with  either  fixed  controls  or  with  pilot  inter¬ 
action. 
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Figure  lx  Possible  scenario  oC  a  vortex  encounter 
perpendicular  to  the  vortex  axis 


Figuro  2:  Potential  hazards  duo  to  trailing  vortices  (1) 
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"Mirror  vortices"  used  to  dascribo  tho  inducod 
velocities  near  the  ground 


Figure  Si  Oocoapcaltlon  of  vortex  velocity  Into  horizontal 
and  vortical  conponentn 
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Figure  6:  Vortex  notion  iron  siculatlon 


Figure  9:  Aircraft  behaviour  during  horizontal  vindahear 


.'iguro  10:  Holovant  aarodynaaic  pitch  rate 
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Figure  17 1  encounter  through  cantor  of  right  voreox 
during  cllnb 


Plguro  18:  Flight  paths  and  locations  of  extreso  g-loada 
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Flgur*  19 »  Kaxiaua  and  alnltus  values  of  g-load  during 
a  slaulatad  aircraft  takeoff  rotation  phase 
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Figure  20:  Extrcsa  of  additional  g-loads  sonltorcd  during 
sisulator  study 
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ABSTRACT 

The  turbulence  ^ciqaJli'  experienced  by  a  helieej»ler  Mado^letneat  rignifleaotly  differs  from  the  sf'aeo- 
fixed  free  atmospheric  turbulence,  Tbs  turbulences  us  the  rotor  dirk  require*  &  rotaitoually  sampled 
description  In  a  rotating  frame.  of  reference.  It  fe  referral  to  a?  the  rotating  frame  turbulence  or  RFT, 
which  exhibits  a  striking  phenomenon.  Tho  RFT  spectral  density  versus  frequency  shows  high  peak 
values  at.  IP,  2 P,  3 P,  etc.,  frequencies.  The  energy  Increase  si  there  peaks  is  balanced  hy  an  eser gy 
decrease  primarily  at  the  JowcMhaadP  frequency  rouge.  Particularly  for  low  idiitude  Sight  regimes 
of  pure  helicopter?,  auch  as  the  aaprefdhe-earth  maneuvers,  rise  rouvenUonal  space-fixed  description  of 
turbulence  Is  not  a  good  approximation,  since  the  turbulence  nrole  length  can  ha  valors*  comparable 
to  the  rotor  radius.  Accordingly  the  flight  mechanics  tlmraeierisilcs  wills  RFT  description  are  compared 
with  those  bw!  ©a  the  conventional  space-fixed  turbulence  description.  Use  results  demonstrate  that 
the  RFT  qualitatively  and  quantitatively  affects  the  prediction  of  helicopter  flight  mechanics  character:** 
tiro  In  turbulence.  Such  comparisons  should  play  an  Important  role  in  the  new  development,  of  handling 
qualities  specifications  for  helicopters. 


INTRODUCTION 

The  modem  helicopter  U  no  laager  &  vehicle  used  for  simple  missions  where  only  its  hovering  capability 
is  required.  The  helicopters  are  ever*  increasingly  faced  with  complex  mission*  winch  push  the  aircraft 
to  it*  design  limits.  One  emerging  requirement  5*  stabilized  flight  through  moderate,  or  even  revere 
atmospheric  turbulence  to  accomplish  high  workload  mission  tasks. 

Rotorcraft,  both  civilian  and  military,  now  compete  on  a  commercial  bad*  with  many  other  form*  of 
transportation  and  have  often  shown  greater  reliability  and  productivity  in  mission  performance.  For 
example,  a*  slated  in  [l],  nearly  all  of  the  lighthouses  am!  lightships  around  the  British  coastline  are 
now  relieved  by  helicoptere-Tbis  is  because  they  have  demonstrated  higher  mission  reliability,  that  is, 
completing  the  specified  mission  on  tin  a,  than  the  former  relief  boats,  which  were  often  up  to  seven  days 
late.  Helicopters  are  also  based  on  off-shore  oil  platforms  in  the  Nortlt  Sea  to  provide  daily  routine  inter- 
rig  support  and  to  provide  rescue  services.  These  helicopter*  commonly  operate  to  and  from  landing  pads 
with  restricted  access  in  severely  turbulent  atmospheric  winds  as  high  as  55  knots.  Military  rotorcraft 
of  Use  U.S.  Navy  and  Marine  Corps  operating  from  sliips  frequently  encounter  liarsh  turhrtenl  winds. 
These  rotorcraft,  are  required  to  perform  missions  such  as  hovering  over  and  landing  on  moving  ships, 
in  moderate  or  revere  turbulence,  nl  speeds  up  to  50  knots  while  stormy  seas  induce  ship  motion  up  to 
15  degrees  yielding  oscillations  on  the  lauding  deck  in  excess  of  20  feet  (2).  Given  (here  flight  conditions 
which  both  military  and  civilian  rotorcraft  encounter  routinely,  it  is  essential  to  accurately  predict 
rotorcraft  performance  In  a  turbulent  atmosphere.  This  capability  would  allow  both  passive  and  active 
methods  of  control  to  be  considered  early  in  the  preliminary  design  process.  Thus,  rotorcraft  designers 
will  be  able  to  address  the  influence  of  atmospheric  turbulence  adequately. 

We  now  address  the  lack  of  an  adequate  low-altitude  turbulence  model  to  assess  helicopter  flight 
mechanics  characteristics,  loads  and  vibrations.  In  fact  ibis  lack,  particularly  for  the  nap-of-llie-carth 
maneuvers,  has  been  identified  ns  n  critical  gap  in  the  recent  NASA/Army  study  to  develop  new  ban- 
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tiling  qualities  specification*  for  helicopter*.  There  we  two  aspects  to  modeling  turbulence  ia  Ur*  rotor 
disk.  The  first  one  b  the  space-fixed  turbulence  motkb  basal  on  the  studies  by  Taylor,  von  Karmaa, 
Dryden,  Katmal  and  other*  {3)-[G).  Here,  the  modeling  assumptions  include  stationarity,  homogeneity, 
Isotropy  and  momentarily  timewise  /rewa  concept  of  the  turbulence  Held.  In  rotoremli  applications, 
there  assumption*  are  retained.  Further,  the  assumption  that  self-induced  turbulence  ia  the  rotor  disk 
U  negligible  as  compared  to  the  free  atmospheric  turbulence  b  required  as  well,  for  details  m  references 
(3]-[GJ.  Recent  rlatlons  betwun  the  predicted  and  measured  turbulence  excitations  on  wind  turbines 
shew  that  sui  approach  to  modeling  in  the  rotorplane  U  fairly  valid  (7, 8}.The  second  one  b  the 

significant  diffet  heiwrea  the  space-fixed  turbulence  as  experienced  by  a  fixed  point  in  the  rotor  disk 
and  the  turbulence  that  I*  actually  experienced  by  a  rotating  blade  element,  ThU  'actual*  turbulence  in 
a  rotating  environment  require*  a  rotaUeaally  sampled  and  noa-Eulerian  description  and  b  referred  to  as 
the  rotating  frame  turbulence  (RFT)  (6).  The  impact  of  RFT  effects  on  high  speed  compound  robreraft 
h  forward  Sight  asd  wind  turbines  b  well  explored  in  the  literature  (6)-[$].  For  example,  reference  G 
explains  the  two  entreating  findings-,  negligible  influence  of  RFT  effect*  on  compound  rotorcrafl  during 
high  speed  flight  regimes  (GJ,  ami  the  dominant  influence  of  RFT  effects  ou  wind  turbines  (7, 8).  Refer¬ 
ence  C  al«»  shows  that  for  p:ue  low-sprd  helicopters,  RFT  effects  should  be  Included  while  modeling 
turbulence  In  the  rotor  disk. 

A  noteworthy  fe;u  ure  of  w.nd  turbine  studies  U  the  concomitant  corroboration  of  predictions  by 
test  data  en  iurbaWnee  excitations  and  turbulence  induced  vibrations  and  loads.  This  wind  turbine 
experience  rhows  that  atmospheric  turbulence  can  contribute  decisively  to  the  life-Ume  load  spectrum 
and  that  the  RFT  effects  cannot  be  neglected.  Concerning  low  speed  conventional  or  pure  helicopters, 
the  past  studies  of  turbulence  effect*  on  flight  mechanics  have  all  neglected  the  RFT  effects.  It  has  been 
assumed  that  the  entire  disk  experiences  a  spatial^*  uclfcrm  turbulence  velocity  field  Identical  to  that 
felt  at  the  rotor  hub  center.  Outride  the  eajth’s  boundary  layer  where  the  turbulence  length  scale  is 
GOO  feet  or  mare  as  compares!  to  a  rotor  diameter  which  is  80  fret  or  less,  this  assumption  seemed  to  be 
reasonable.  With  lids  assumption,  random  loads  and  vibration  were  found  to  be  relatively  insignificant 
as  compared  to  the  deterministic  dynamic  loads  and  vibration*  from  steady  and  maneuvering  flight*. 
Within  the  earth'*  boundary  layer  and  depending  on  the  ground  texture,  the  turbulence  length  scale  ha* 
values  that  are  comparable  to  the  rotor  diameter  so  that  the  assumption  of  space  fixed  turbulence  is  not 
a  good  approximation.  Therefore,  the  treatment  of  turbulence  effects  for  low-alUtude  flight  regimes  such 
as  the  nap-of-thewarlh  maneuver*  require  inclusion  of  RFT  effect*.  Accordingly  this  study  addresses 
the  RFT  effect*  on  low  frequency  helicopter  response  with  particular  emphasis  on  handling  qualities. 
Such  a  study  should  serve  a*  a  valuable  reference  point  for  the  future  dev  dopment  of  handling  qualities 
specifications  for  helicopter*  in  turbulence. 

TURBULENCE  MODELS 


For  helicopter  applications,  the  vertical  turbulence  velocity  g(t)  is  the  most  dominant  component 
Therefore,  in  the  present  ireatment,  Uic  fore-io-aft  and  side-to-sidc  turbulence  velocity  components  in 


the  rotor  plane  are  neglected. 

In  the  stochastic  treatment,  a  stationary  vertical  turbulence  velocity  g(t)  is  described  by  (auto) 
spectral  density  function  Sf(u>)  or  autocorrelation  function  R,(t).  There  are  many  forms  of  atmospheric 
turbulence  model*  quoted  In  the  literature.  Tlie  two  widely  used  models  are  the  von  Karinnn  and  the 
Drydea  models.  Hie  following  equations  describe  the  power  spectral  density  function  fer  the  vertical 
turbulence  velocity  component  according  to  von  Harman  and  Drydcn: 


von  Karaan: 
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In  equations  1  and  2,  u  is  the  spaeewise  circular  frequency  given  by  ua2i  k,  where  k  is  die  wavenumber 
per  unit  length,  and  L  Is  the  Kale  length  of  the  fere-'.o-aft  e?  longitudinal  turbulence  component.  Tills 
turbulence  scale  lengtli  L  Is  given  by 
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It  Is  mentioned  in  passing  that  the  scale  length  of  the  vertleal  turbulence  velocity  is  equal  to  i/2, 

The  von  Kantian  power  spectrum,  (equation  1}  is  generally  preferred  but  the  analysis  simplifies  con¬ 
siderably  when  the  Omsiein-tMenhock  model  is  used  without  appreciable  sacrifice  in  accuracy  of  results. 
In  this  work,  the  Omstein-Unlenbeck  motlel  is  use,!  according  to  which 
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In  the  development  of  the  RFT  mod  tl,  we  define  the  following  rotorerafl  parameters. 


V  cos(cr) 

O/l 

(S) 

~  b  ft  tan(er)+Af 

(6) 

Cr 

(7) 

o/i 
A  i  = 

In  equations  5. 6,  and  7  p  is  the  advance  ratio,  A  is  the  total  inflow,  and  A;  is  the  induced  inflow  (see 
Figure  1).  For  hover  we  have,  a  «  0.0, 1’  <=  0.0,  A  a  A/,  and  T  « II*.  Thus,  we  can  simply  compute  the 
thrust  coefficient,  downwash  velocity,  and  tho  induced  Inflow  using  the  following  equations. 
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Then,  as  done  in  reference  (6),  the  om  of  plane  velocity  through  the  rotor,  w,  is  approximated  as 

w  -  A'AiOfl  (11) 

In  hover,  we  set  K  »  1.0.  Thus,  in  the  present  exploratory  study,  we  neglect  the  role  of  mean  turbulence 
velocity  arid  axial  flight  velocity.  Then,  in  non-dimensional  form,  w  is  given  by  it). 
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Using  Tavl/»r’s  hypothesis,  i.e.  the  fro  sen  field  concept,  in  conjunction  with  the  Ornstcin-Unlcnbcck 
power  spectrum,  we  can  write  Uie  autocorrelation  function  as  a  function  of  the  spatial  scpcrntjoii  between 
two  time  intervals.  Consider  the  rotor  disk  shown  in  Figure  1.  At  the  0.7 R  blade  station,  the  blade 
section  encounters  the  following  velocity  components: 


~  =  K +0.70/1  sin  Of 
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d: 
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Integration  of  .-quatioas  13, 14,  Mil  15  from  <j  to  tj  results  In  the  following  equations. 

x(h)  - x({|)  H  V(h -  <,) -  0.7/?(««n/j - eosnt,)  (10) 

y(fi)“t/(fi)  “  0.7/I(*infiij-8inOf|)  (17) 

2(h)“2(<0  ®  (18) 

In  equation  18,  w  represents  the  total  mean  airflow  perpendicular  to  the  rotor  disk  in  the  s-dircction 
due  to  axial  flight  velocity,  mean  vertical  gust  velocity  and  downwash  velocity.  FYorn  the  frozen  field 
concept,  the  rnrhulenee  autocorrelation  function  i*  simply  a  function  of  the  spatial  seperatioa  for  the 
lapsed  time  (fj  -  i\): 

/?*(<!,  fj)  =  4s(r)  05) 

Using  the  Ornstein-Unlentxek  power  spectrum  the  vertical  turbulence  autocorrelation  function  at  the 
0.7 It  hlade  station  b  now  given  by  (3)-[5j 

n~M)  ®  4« (20, 

fn  equation  20,  r  is  the  spatial  operation  of  tlie  0.7/2  blade  station  during  the  lapsed  time  (tj  -  <»)  and 

is  given  by  _ 

r  *  +  AhW + WfjPsiiflF  (21) 

Substituting  expiations  10, 17,  and  18  info  equation  21  w*  get 

r  a  #(t j  -  /,)-  0.7/?(cos  ftt  j  -  cos  fN,)]3  +  [0.7/?(sm  fltj  -  sin  fit,)!3  4-  («c(fj  - 1»))*  (22) 

In  terms  of  non-dimensional  time,  l  a  Of,  non-dimensional  flight  velocity,  ft  «  V-y>i(rt)/QR,  and 
nondimensional  total  mean  airflow,  a  a  w/O/I,  we  can  define  the  following  constants. 
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Also,  for  simplicity  of  notation,  the  following  definitions  are  introduced. 

r  =  Fj  -  F, 


Plugging  into  the  express 
expression  after  trigonomci 
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n\  by  equation  22.  and  dividing  by  L/2,  results  in  tlie  following 


■  -.t  ^ideation. 
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Substituting  equation  2S  into  equation  20  yields  tlie  final  expression  for  the  nonstntionary  vertical 
turbulence  autocorrelation  function  accounting  for  the  rotating  frame  effects. 


;?,(/,  r)  a  4  exp(  -  ^(o2  + t2)  r1  4-  -Incr  sin  l  sin-y  4-  4c1  sin1 


(29) 


In  a  space  fixed  turbulence  fonnulation,  the  stationary  model  for  the  vertical  turbulence  velocities 

simplifies  to  _ 

R„(t,  r)  ~  4  cxp[-  vfc2  +  &)  r2 )  (30) 

In  hover  /i  =  0,  hence  a  =  0,  and  the  stationary  rotating  frame  vertical  turbulence  model  is  given  by 


Rv(t,  t)  =  4  csp[  “  4- 4  c2  sin1 1 ) 

The  corresponding  space  fixed  vertical  turbulence  model  in  hover  is  simply 

Rv:(t,r)  =  4  expf-i/^r2] 


(31) 


(32) 


TURBULENCE  FILTER  IMPLEMENTATION 
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The  main  goal  of  the  present  rc*carelt  w  to  investigate  in  hover  Ute  effects  of  RFT  «m  flight  mechanics 
ehamcierisUes  and  compare  them  with  those  based  on  space  fixed  formulation.  For  the  hover  case,  the 
autocorrelation  function  of  the  RFT,  P„(rj,  is  stationary  [G,  •!,  5, 3)  ami  hence,  the  simplicity  of  this 
analysis  facilitates  an  improves!  appreciation  of  the  RFT  pt»*«*n'<  conventional  space  fixed  turbulence. 

In  order  to  effectively  assess  different  aircraft  turbulence  models,  a  combination  of  pilot,  gust  and 
helicopter  model  needs  to  be  chosen  such  that  all  three  models  are  of  the  same  rm*«  or  level  of  detail. 
The  helicopter  model  used  for  this  investigation  is  the  U1LG0A  Black  Hawk  helicopter.  A  generic  blade 
element  analysis  flight  simulation  program  [9]  Is  used  for  response  simulation. 

The  gust  model  used  in  this  investigation  Is  the*  continuous  stochastic  turbulence  model  approach  as 
previously  described.  Basically,  we  begin  with  a  power  spectrum  for  the  vertical  atmospheric  turbulence 
using  the  Ontstein-Unlenbccfc  model  given  by  equation  -I.  From  the  vertical  turbulence  power  spectral 
density  function,  we  seek  to  derive  a  turbulence  filter  system  driven  by  white  noise. 

Consider,  the  space  fixed  turbulence  autocorrelation  function  given  by  equation  3?.  The  power  spec¬ 
tral  density  function  or  Fourier  transform  Is  easily  computed  analytically.  Tim  space  fixed  power  spec¬ 
trum  is  given  by 

«“>  -  (33> 

The  turbulence  .filter  is  also  easily  deduced  by  decomposing  St(u)  into  a  complex  function  multiplied  by 
its  conjugate.  The  turbulence  filter  Is  given  by 

fw  -  nb  <*> 

The  final  filter  for  the  space  fixe<l  turbulence  Is  obtained  by  normalizing  the  power  spectral  density 
function.  The  normalized  filter,  in  transfer  function  form,  is  given  by 

St*)  “  7Ti  <“> 

where  A  Ls  Uie  normalization  conitwit. 

For  turindcnce  motlcling  the  level  of  power  must  be  parametric.  Tlie  level  of  power  Is  given  by  a1 
where  <r  is  the  stantiartl  deviation  representing  the  intensity  of  the  turbulence.  In  order  to  compare 
different  turbulence  models,  the  total  jwwcr  spectrum  must  be  normalized  [10].  Following  reference  [10], 
the  normalization  requirement  is; 

fri'twp*'-*  m) 

"‘here  T  is  tlie  sampling  time.  The  normalization  requirement  for  the  first  order  filter  becomes 


A,T 

nr  - 1 

Tims,  Uie  constant  A  is  given  by 

*1  =  jp  Pfl 

Consider  Uie  RFT  autocorrelation  function  given  by  equation  31.  The  power  spectral  density  function 
of  equation  31  is  difficult  to  compute  analytically.  Tims,  a  numerical  technique  is  employed  to  compute 
Uie  power  spectral  density  funcUon  using  fast  Fourier  transforms.  The  nnturc  of  the  power  spectral 
density  function  has  been  investigated  in  several  papers  [7, 6],  and  nil  find  that  the  power  spectral  density 
funcUon  for  Uie  turbulence  process  contains  $pHt$  occuring  at  integer  mulUplcs  of  Uie  rotor  rotnUonal 
speed.  For  handling  qualities  work,  IP  modes  are  most  important.  Hence,  when  approximating  a  power 
spectral  density  function  using  Uie  RFT  approach,  it  is  most  important  to  accurately  model  Urn  first 
two  peaks  in  the  power  spectral  density  function  (a  low  frequency  approximation).  To  capture  the  first 
two  peaks  in  the  the  power  spectral  density  function  a  third  order  turbulence  filter  is  employed  where 
the  natural  frequency  of  Uie  turbulence  filter  is  chosen  to  be  the  frequency  of  the  second  peak  in  the 
power  spectral  density  fimetion  and  the  damping  of  tho  fdtor  system  is  given  by 
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In  equation  39,  Q  is  the  amplitude  of  the  first  spike  In  the  power  spectral  density  function.  Tire  filler 
gain  is  chosen  to  match  the  tic-gain  characteristics  of  the  numerically  computed  power  spectrum. 

RESULTS 

This  section  primarily  compares  the  helicopter  response  results  obtained  using  the  RFT  motlel  and 
the  space-fixed  turbulence  motlel. 

Figure  2  shows  the  spectral,  density  of  vertical  turbulence  as  experienced  by  a  0.7R  blade  station 
according  to  RFT  and  space-fixed  formulations  for  L/Rat,  that  Is  when  the  turbulence  scale  length  L  Is 
four  times  the  rotor  radius.  It  Is  significant  Uiat  the  turbulence  spectral  density  has  sharp  peaks  at  IP, 
2P,  3P,  etc.  U  Is  equally  significant  that  the  conventional  space-fixetl  distribution  falls  to  capture  these 
peaks.  The  consequence  of  the  presence  or  absence  of  these  peaks  on  an  isolated  rigid  blade  flapping 
response  is  shown  in  Figure  3.  The  birule  is  flexibly  hinged  at  the  bub  center  and  a  Lock  number  of  8  Is 
used.  Since  Ute  rigid  blade  can  respond  only  to  IP  variation  in  the  excitation,  the  strong  peak  at  IP  in 
Figure  3  for  the  case  of  RFT  is  noteworthy.  Equally  noteworthy  is  the  fact  Uml  the  occurence  of  such 
response  peaks  can  not  l>e  captured  by  the  space-fixed  turbulence  model. 

Tito  effect  of  turbulence  on  the  Black  Hawk  helicopter  response  is  considered  next  using  a  generic 
blade  clement  analysis  flight  simulation  program  {9).  Tlte  helicopter  Is  initially  trimmed  for  rero  wind 
hover.  Then  with  the  controls  held  fixed  and  with  Ute  flight  control  system  turned  olf,  the  hclioptcr 
response  slue  to  turbulence  excitaUon  is  obtained. 

For  tlte  Black  hawk  helicopter,  the  rotor  diameter  Is  53.CC  ft  and  the  Utrust  coefficient  (Cr)  in 
hover  is  0.00532.  Tlte  turbulence  scale  length  to  rotor  ratlins  (L/R)  is  set  to  1.  For  these  values,  Ute 
power  spectral  density  funcUon  of  the  RFT  is  obtained  by  taking  Ute  fast  Fourier  transform  of  Ute 
autocorrelation  function  of  equation  31  and  Ute  same  is  shown  in  Figure  -I,  As  expected,  tlte  RFT 
spectral  density  function  has  sharp  peaks  at  IP,  2P,  3P,  etc.  Following  the  procedure  described  in  the 
previous  sccUon,  a  third  order  filter  is  designed  to  approximate  Ute  first  two  peaks  in  Ute  power  spectral 
density  funcUon  of  Ute  RFT. 

WiUt  turbulence  intensity  set  to  10  ft/sec,Utc  sample  fnncUons  of  Ute  RFT  mid  the  space  fixed  cases 
are  obtained  and  Ute  same  are  shown  in  Figure  5.  It  is  interesting  to  note  Utat,  in  general,  Ute  sample 
ftmUon  for  Ute  RFT  oxliibits  much  larger  peak-to-peak  amplitude  as  compared  to  that  of  Ute  space  fixed 
case.  'Die  helicopter  response  to  turbulence  is  obtained  by  assuming  Uiat  the  turbulence  is  represented 
by  Ute  sample  functions  of  Figure  5.  Tlte  effect  of  turbulence  on  Ute  flap  response  of  a  reference  blade  is 
shown  in  Figure  G,  wherein  U,e  change  in  flap  response  from  trim  Is  plotted  versus  time.  FVotn  Figure  G, 
it  is  clear  that  the  blade  flap  response  for  Ute  RFT  ease  is  significantly  different  from  Utal  of  Ute  space 
fixed  case. 

The  body  accelerations  and  normal  velocity  in  the  body  axes  frame  of  reference  are  shown  in  Figures 
7  Uirough  10.  It  is  to  be  noted  that  Ute  hotly  axis  system  used  in  this  study  has  its  x-nxls  to  Ute  front, 
y-axis  to  Ute  right,  and  Ute  a- axis  down.  Tlte  effect  of  turbulence  otv  the  hotly  normal  acceleraUon 
response  is  shown  in  Figure  7.  The  body  normal  nccdcraUon  response  Is  strikingly  different  for  Ute  RFT 
case  as  compared  to  that  of  Ute  space  fixed  case.  The  pcak-to-pcak  amplitude  of  the  normal  acceleraUon 
Is  much  larger  Utan  that  of  the  space  fixed  case.  Tlte  difference  in  response  between  the  two  cases,  i.c., 
RFT  and  space  fixed  cases,  highlights  Ute  necessity  of  treating  turbulence  in  a  routing  frame  of  reference 
for  helicopter  applications.  The  body  longitudinal  and  lateral  accclcraUons  are  shown  in  Figures  §  and 
9,  respectively.  Though  the  general  level  of  magnitude  of  longitudinal  and  lateral  accelerations  arc  small 
compared  to  Uto  normal  acceleraUon  response,  it  is  clear  from  Figures  8  and  9  Uiat  these  accclcraUons 
are  quite  different  for  the  RFT  case  as  compared  to  the  corresponding  accclcraUons  for  Ute  space  fixed 
turbulence.  The  body  normal  velocity  response  is  shown  in  Figure  10  from  which  it  is  clear  that  Ute 
normal  velocity  response  is  significantly  different  for  the  RFT  case  as  compared  to  Uiat  of  Ute  space 
fixed  case. 

In  order  to  assess  the  effect  of  turbulence  scale  longUt  on  the  helicopter  flight  mechanics,  the  Black 
Hawk  helicopter  response  simulation  is  repeated  for  a  turbulence  scale  length  (L/R)  of  10.  The  change 
in  flap  response  from  trim  of  the  reference  blade  due  to  vertical  turbulence  with  L/R  =  10  is  shown 
in  Figure  11  and  Ute  body  normal  acceleration  response  is  shown  in  Figure  12.  Though  the  turbulence 
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intensity  Is  the  same,  the  general  magnitude  of  response  for  the  L/R  =  10  ease  Is  reduced  a*  compared 
to  that  of  the  L/R  »  1  ease.  Also,  from  comparison  of  Figures  13  ami  14  of  the  L/R  ■>  10  ease  with 
the  corresponding  figures  of  L/R  =»  1  ease  (Figures  C  ami  ?),  it  is  clear  that  the  differnce  in  response 
between  the  RFT  anti  the  space  fixed  case  is  reduced  as  L/R  is  increased.  As  noted  ,n  the  introduction, 
with  increasing  L/R ,  the  difference  in  responses  Itelween  the  RFT  and  the  space  fixed  cases  decreases. 

CONCLUSIONS 

It  has  been  known  for  a  long  time  that  near-the-grouml  hovering  in  turhulettce  causes  a  loss  of 
performance  retpiiring  great  pilot  skill  and  it  causes  additional  loatU  and  vibrations.  A  treatment  of  this 
phenomenon  using  the  concept  of  RFT  demonstrates  the  following: 

1.  blade  response  as  well  as  the  hotly  response  to  turbulence  excitation*  is  strongly  affected  by  RFT, 
and 

2.  the  conventional  space-fixed  description  fail*  to  capture  those  effects. 

Tim*,  the  present  treatment  of  turbulence  in  the  rotating  frame  provides  a  mean*  of  describing 
turbulence  effects  on  low  frequency  blade  response  and  helicopter  handling  qualities  both  qualitatively 
and  quantitatively. 
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Figure  1 .  Rotor  Dirk  Velocity  Diagram. 
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Figure  2.  Comparison  ofRFP  and  Space  Fixed  Turbulence 
Models 
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Sanaa 

l«  order  lo  establish  *  clteatology  of  the  vertical  nrvture  of  herltoatal  visibility  to  the  lowlands 
of  northern  Csmany  sentinveur  «eisvrea4ftU  were  carried  out  on  a  radio  io*4f  si  sd  different  U»oH  w> 

W  300  a  above  the  ground  for  tva  and  4  half  year  between  ISS2  snd  1SSS.  Too  Btnete  oe»H  values  of  hwl- 
sentsl  visibility.  tenesrstwre  sad  devpsini  st  s«h  level  vers  recorded  autwuleilly  at  veil  it  the  cloud 
celling  09  to  1500  a  shore  grrvsd.  for  selected  vesthsr  situation*  sn  additional  high  resolution  verticil 
sounding  syslea  supplied  ooro  detailed  data  on  the  vsrtU«l  structure. 

A  statistical  analysts  of  the  dais  vs*  perfumed  shoving  that  iter*  ii  *  rolstl  aMp  between  typltsl 
patterns  of  the  4Jv?oif  variation  of  the  vertical  visibility  profile  4*4  U>*  larje  tells  weather  sttoatl- 
o«*  (ft  Htddls  Cure?*  classified  according  to  schcees  well  established  (ft  *«te«rology. 

Special  case*  have  been  saaelned  to  ilsJ;  the  variation  of  tha  vertical  visibility  profits  during  fog 
fomation.  dvr Ing  the  passage  of  atasfpherle  fronts  an4  to  cases  of  rapid  visibility  Increase*  and  decraa- 


Tbs  phyilcs  of  visibility 

first  of  oil,  i»  object  I*  only  visible  by  lu  cootmt  to  the  *errov«dlngs.  Kovevtr,  tier*  It  * 
difference  If  it  object  radiates  light  by  Htsif*  but  those  ease*  are  out  considered  her*. 

*y  definition  the  range  of  herkenUlvUlbtlUy  I*  ths  distance  up  to  which  a  block  object  *Mch  Is 
large  enough  snd  situated  Juit  ibovo  tbo  Korlten  tbe»4  »  cootmt  to  Oi*  tlpbt  »Meh  «*4t  froa  tbs  jky. 
Sloes  tbs  r*4Uttoo  of  tbs  iky  It  built  tip  by  mtUrrd  tol*r  Ugbt  tbs  coatrsit  bsusto  *ky  »t»4  objsct 
4scr«4itt  «  »  function  of  tbs  Mount  of  light  icUtsrd  within  tbs  col  us*  of  *1r  bslwssn  ths  objsct  *o4 
tbs  obtsrrsr. 

Tbs  tctUsrlog  elt»«nU  for  tbs  vlilbls  light  lo  tbs  itaotpbsrs  *r*  tbs  oolswlst  of  o«ygso.  oltrogso 
sod  otbsr  gtist  of  ths  sir  *s  wilt  si  ssrotol  psrtielst.  Tbo  flrit  icsttsr  »eeor41oa  to  tbs  icsttsr  lsw  of 
Rsylslph  while  tbo  tecwvd  icsttsr  In  s  dlffsrsot  asnnsr  4sierlb<4  flru  by  His.  Rsylslgb-icsttsr  ihowi  oo 
tpeelsl  Wirlstloo  seeonllng  to  tbs  synoptic  *s»lbsf  iltustlon.  It  only  Haiti  tbs  rsnos  of  borlwotsl 
wUlbllUy  to  sbout  350  U».  Hls-icsttsrloy  li  fsr  aor*  (ntsrsitlng  bscsuio  tf«»  ssmol  eooesoirstlofl 
within  tbs  slasipbsrs  li  highly  vsrlsbls  so4  tbs  is»s  ii  trus  for  tbs  wtsrlsl  tboie  psrtlclsi  srs  built 
of  siuj  tbs  iljs  thsy  bsws.  so  wltkln  continents!  sir  asnsi  tbs  ssroio!  coocsotrstlon  li  uiuslly  higher 
thso  within  asrltlas  slruisss. 

furtbsroo  ths  sics  of  ths  4sroiol  psrtlclsi  ibo*l  s  rslstlon  to  lbs  rslstlwe  bualdlty  -  si  least  In 
tbs  rings  between  69  sn4  100  !.  In  this  ringe  of  the  reUtlve  huftldlty  the  site  of  ths  strosol  psrtlclsi 
loersstss  due  lo  the  aggregate*  of  viler  snd  Iberefors  the  edibility  decresiei.  Since  ssroso!  psrilelei 
hsvs  *  fsr  Isrger  density  thin  tbs  lorroundlng  sir  tbsy  ibov  mother  ddtrlbutlen  with  height  thin  the  sir 
Itielf.  Only  In  ths  c«s  of  s  vsll  aded  plsnslsry  boundiry  lsysr  (PBt)  lbs  vsrtlcsl  ssroiol  grsdlent  will 
bs  rslstlvcly  wall.  For  eero  detstli  of  the  serosol  pbyilcs  snd  ths  thsory  of  visibility  referents  li  to 
b*  aids  to  cisntcsl  tsstbnoks. 

6y  tbs  is  fsets  It  d  slesr  thst  vesthsr  sffsett  tbs  bordontsl  vdlblllty  ss  vs  *11  knov.  Ths  Best 
effsctlvs  Influence  on  ths  vdlblllty  d  eierted  by  the  condensstlpn  of  vster  vepour,  thst  d  tho  forsutl- 
on  of  fog  snd  Its  ddsppesrence. 


Ths  sesttsroaetsr 

Sines  the  serosol  conccntrstton  asy  be  ss  high  ss  leversl  thousmd  particles  per  litre  and  sines  as  a 
first  approilastlon  vo  aay  as  suae  thst  ths  serosol  concentration  and  its  spectral  distribution  oslnly  vary 
with  height  snd  less  In  ths  hordontel  directions  vs  say  sake  ths  assuastdn  of  hordental  hsaogsnelty. 
Therefore  ths  hordontel  rings  of  vdlblllty  esn  bs  csssured  locally  in  *  rather  saall  scattering  volim. 
This  nay  bs  ss  saall  as  a  fev  litres  and  by  asasureaents  In  this  saall  voluse  visibility  ranges  up  to  50 
la  can  bs  aeasured  (1). 

In  flg.l  the  scattereoeter  designed  by  Ruppersberg  Is  shown.  Additionally  to  the  eoaoerclally  availa¬ 
ble  Instrusent  the  heating  of  the  optical  systea  was  loproved  so  that  there  were  no  difficulties  to  opera¬ 
te  It  during  vlntertlae. 


JU  (MJWii  of  Uxl  type  were  used  to  *ea$ ur*  *  vertical  profllt  of  Ux  horltoatal  visibility  4l 
4  rural  site  In  S*rUxf«  C,rsi^,  Tlx  iMlrvHtU  wr*  Wcated  *l  the  height!  of  f.  t.  60.  UJ,  123  and 
HI  *  ab}v*  Ux  grevM  it  4  Wit  of  *  radio  transmitter  station.  fix  coordinates  «f  Ux  site  near  the 
village  «f  Spralensehl  are  5i#  U*  H  »M  Iff*  11'  f.  This  location  of  Ux  tlu  Is  given  in  f  Ij.i,  and  the 
cress  5«sI!m  (fig,3)  shewing  Ux  IxIgU  of  Ux  terrain  above  sea  level  m4  the  height  ef  Ux  sever  de»o»f- 
unlit  Ux  relative  flatness  of  Ux  area. 

Additional  to  the  visibility  measufwvxnts  i&VMUfi  *«4  hxaldUy  were  0V»}*r*4  *t  Ox  14*4  height*. 
&mg  so**  special  observant*  periods  Ux  profile*  of  kM,  tweratur*  and  haeldtiy  wem  also  «asur*d 
in  5  *  vertical  Intervals  by  t  teUxred  sonde  system  operated  with  4  cable  lift  fro*  Ox  top  of  Ux  *»U 
dew  to  Ox  belies.  The  hjrijwul  dUta-xt  of  s'aIs  SyUea  fro*  the  ie»*r  «a*  for  Ux  wait  part  of  the 
entire  altitude  range  larg*  «*<xgh  »  that  there  v*»  no  significant  influence  by  Ox  tcer  Iistlf.  The 
site.  the  date  eaultUitx  system  and  Ux  results  of  Ox  Inveitlgeilon  are  described  In  ^utl  by  ftetmr 

W)‘ 


The  data 

Tlx  ll««  of  operation  of  tlx  into3  va*  fro  Sept'l?  until  Hay'BS.  Tlx  KWiU  vat  JS  tlaes  within 
10  nlnutos  a nd  the  date  *oro  digtllied  latedfaUly.  Keen  t»l«s  for  each  IChclrt  perlo d  *er *  recorded  >*. 
well  as  oiolM  end  otsiaa.  furthareo  for  each  dot*  blech  cotorlnf  10  oln  t»x  tolling  of  clwdi  lonr  IKon 
IKQ  <«  wort  r*c«rMt  toih  now  «lwt  and  o»iro«i, 

Too  d4U  »*r4  grtorototsod  4t  l)x  oojiarlng  ill*  tho  ttiloi  of  tKo  diti  MoliltlOfl  ijilo3  *4* 
noaiterod  olo  plxa*  »f>4  a  nodo*.  Tlx  plxflo  oho  ionrsd  for  U>4  data  tmifsr  to  tto  InitltoU  »l  Hannoror. 
for  rrfesxJanty  Mryoiot  alt  tlx  ««in  nlsot  voro  alio  printed  at  i»x  iwasorioj  ilto. 


Koiolti 

Ftnl  *0  JMll  loot  at  typical  vortical  proflloa  of  Ux  Ixrltontal  visibility.  In  flp.4  tlx  profit** 
of  vlilblltty.  Unporatvr*  anO  relative  Kvaaldlty  vltkln  a  volt  B««j  daytl>x  planetary  bowuJary  Hytr  ar* 
jh»«n.  4<kS  In  contrail  In  flj.5  alpbttlno  profllti  lo  a  *Ubl*  f*U  #r«  pr««nt«4.  In  lb*  f trot  cai*  tlx 
ralatlv*  hunldlty  introato*  vlth  IxIpM  and  balancot  tlxrsforo  tlx  only  slightly  docronlnp  aorosol  eon- 
contratlon  In  tlx  volt  oltod  plantury  boundary  layor  so  that  tlx  affect  on  the  visibility  Is  only  vary 
snail,  i.o,  the  visibility  change*  only  little  with  height.  String  a  night  vith  clear  sty  the  visibility 
it  stroojly  affected  by  the  height  of  the  ftt  whleh  eateods  within  the  lowest  100  ».  3elo*  the  inversion 
the  relative  hweldlty  Is  rather  high  and  so  the  visibility  H  lew  and  even  fog  eay  fora.  Wove  the  Inver¬ 
sion  the  relative  hualdliy  I*  very  low  tfva  to  subsidence  tin  case  of  a  high  pressure  systo*).  In  addition 
the  subsidence  rate  of  about  1  cnjTs  »ea«  that  during  the  nlghttln*  hows  air  which  originally  was  situa¬ 
ted  a  few  hundred  oeter*  above  will  cose  devn  to  Ux  top  of  the  Inversion  layer.  Iherofore  the  daytloe 
aerosol  gradient  Is  Increased  above  the  inversion,  for  this  reason  the  visibility  Increases  during  the 
night  In  Ux  layers  abov;  the  Ml.  This  case  I*  typical  for  clear  night*. 

lecause  sotxilses  the  vertlesl  ostmlon  of  Ux  layer  with  low  visibility  Is  less  than  100  0,  the 
ground  can  be  Seen  fre*>  an  airplane  flying  at  heights  well  above  the  PBt.  However,  when  descending  to  land 
the  horizontal  visibility  pay  bt  so  poor  that  the  landing  operation  Is  possible  only  by  Instrweenul 
guidance.  In  one  of  those  nights  a  pilot  could  see  an  airfield  over  a  distance  of  w>re  than  SO  U  when  at 
the  sa»e  tine  he  vat  told  that  the  visibility  was  too  poor  for  landing. 

Beneath  a  low  cloud  cover  Ux  visibility  oay  decrease  right  froo  the  bottox  up  to  the  ceiling  level 
as  sho»n  in  fig.6.  But  this  only  happens  If  serosal  concentration  within  the  air  is  rather  high.  At  high 
letUudes  above  water  or  snow  surfaces  situations  »ay  bt  observed,  where  the  visibility  Is  very  good  In 
the  whole  vertical  raaga  between  ground  level  and  cloud  celling  even  If  the  relative  huoldlty  Is  very 
high. 


for  4  night  vith  ground  based  fog  Ux  development  of  the  range  of  visibility  with  Km  Is  shown  In 
flg.7.  Here  again  the  Increase  of  visibility  above  the  ML  can  be  seen  very  clearly.  Lateron  In  the  mor¬ 
ning  when  Ux  siting  starts  again  the  visibility  In  100  u  height  decreases  while  it  the  sane  tloo  It 
Increases  in  lover  heights.  In  flg.8  a  nlphttlae  situation  with  clear  sty  Is  shown  when  fog  has  forced. 
Kero  Ux  subsidence  Is  well  documented  by  the  Increase  of  tlx  temperature  and  the  decreasing  humidity 
above  Ux  Pit.  Lateron  togeUxr  with  the  formation  of  fog  Ux  wlndspeed  Increased  and  thereicre  the  whole 
pattern  changed. 

A  statistical  analysis  for  the  onset  and  termination  of  fog  Is  presented  In  fig.9  and  FI9.IO.  Slncn 
these  cases  are  not  all  Ux  very  save  only  the  baste  features  of  the  typical  structures  are  to  be  seen. 
Above  the  fog  visibility  Increases  during  the  first  hours  after  the  formation  of  fog.  while  visibility 
decreases  well  above  the  fog  layer  when  the  fog  vanishes  by  surface  heating. 

A  statistical  analysis  has  also  be  done  for  eeses  nf  weather  front  passages.  The  results  are  shown  In 
flg.ll  (vara  fronts.  7  eases)  and  Flg.12  (cold  fronts.  17  eases).  In  flg.13  an  exaepla  Is  shown  for  a 
situation  whan  Ux  Sprattnseh!  site  was  within  a  cars  sector,  l.e.  Ux  erea  between  the  warm  front  and  tha 
ce-ld  front,  for  a  few  hours  only.  Again  the  typical  structure  of  the  visibility  records  during  »  frontal 
passage  can  be  seen. 


(9»J 


Xesi  tK«  results  ef  tho  overall  statistical  analysis  of  tho  diurnal  lie*  behaviour  of  the  vertical 
distribution  ef  visibility  is  relation  to  suesier  (01,04.-30,09.)  end  winter  (01. 10,-31,0),)  Season  and 
typical  synoptic  pattern  1*  presented.  The  large  scale  weather  patterns  were  categories^  after  *  schea* 
suggested  by  lt«&«  and  Jrestowsky  (3).  The  eersbinattefl  of  several  of  these  synoptic  weather  patterns  into 
classes  has  been  done  after  a  very  careful  investigation  of  the  daily  variation  of  visibility,  of  the 
vertical  gradient  of  visibility  sad  of  Um  &san  rang*.  In  Tab,  1  end  Teb.2  the  grouping  according  to  tbs 
synoptic  weather  conditions  it  given.  For  each  grwp  the  roforoneo  to  the  figures  where  the  eoeposltes  oro 
shown  is  aided.  Th4  ublss  olso  Indicate  tho  nunber  of  cstos,  The  vlnj  direttiena  In  Teb.l  Mi  Tab,  2  era 
only  to  st»«  *  rough  Idea  of  tho  situation.  Tho  tftde*  son  stands  for  anttcyclonal  of  eyelonal  geostro- 
pbie  wind*.  Tho  win  structure  ef  tho  results  presontoi  in  tbo  Flg.Ua.b  to  ?3a.b  Is  tumariaed  in  T*b.3. 
The  flj.Ks.b  to  ?3*,b  protons  tho  eooposlts  of  tho  islly  variation  of  tho  horisental  visibility  for  site 
height*  given  sbovo.  for  oath  of  those  eeaposit*  also  tho  catling  of  clouds  bolov  1SQ0  a  is  added. 

Tho  eater!*!  presented  here  is  tho  only  available  for  vertical  profiles  of  horltcnUI  visibility  for 
Northern  Ceweny  on  «  nearly  ellMtologieal  b*sls.  Tho  stetlstlcs  shewn  opiate  that  the  rang*  of  horiton- 
tal  visibility  end  Its  vertical  profile  nay  veil  be  grouped  according  to  the  synoptic  situation  and  in 
ralatlon  to  eesosealo  structures  such  as  fronts,  The  question  under  vhtch  eircw*stanee»  either  fog  or  dev 
will  fora  in  clear .nights  was  not  investigated  up  to  now.  However,  there  are  tone  hints  that  this  *ay  be 
controlled  by  tho  divergence  within  the  FBI,  which  Is  related  to  the  geostrophle  vortleity.  Hopefully  this 
problem  can  be  Investigated  In  the  future. 
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Tab.li  Definition  and  Statistics  for  Typical  Visibility  Pattam*  (Sumer). 
Huafcor  Synoptic  Situation  Nuaber  of  Cases  Shown  in  figure 
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Tab.7:  Definition  and  Statistics  for  Typical  Visibility  Patterns  (Winter). 
Huaber  Synoptic  Situation  Musber  of  Cases  Shown  in  Figure 
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Tab.}:  Typical  loitores  cf  tM  Visibility  for  tM  Classat  Given  In  Tab.  1  and  Tab.Z. 
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Yertatloo  of  tM  HarhonUl  Visibility  with  Tima  and  Haight 

Visibility  rtpldli  Increislng  with  Might  during  the  nighttime, 
vetk  Increase  during  daytime. 

Vf4k  vertical  grsdltnts,  but  highly  variable  range  between  day 
and  night,  »b»ut  sinusoidal. 

W«k  vertical  gradients,  range  strongly  Increasing  during  tM 
tM  morning,  slowly  decreasing  In  tM  afternoon. 

Veil,  vertical  aradlent  during  tM  night,  during  the  day 
docrutsing  range  vlth  Might,  1o*  visibility. 

Visibility  highly  vsrlsbl*  duo  to  convuctlvo  activity  and 
clouds. 

Mediate  Ineraaso  of  vlstolllty  with  Might,  nutrly  no  chtngo 
with  lino,  fair  visibility. 

Weakly  Increasing  with  height,  no  chtngo  with  time,  poor 
visibility. 
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Helicopter  pilots  u*l*£  night  vision  system*  have  s  lew  prtfeabilliy  of  seeing  tN  Nil  visual  two* 
that  ar#  available  for  flight  Even  vlth  good  visual  range,  in  forward  view  of  current  night 

vision  system*  look*  vNrs  visual  cues  are  geometrically  Insensitive  to  thsagcs  in  vehicle  states  and 
notions.  Al  terrain  flight  Nights,  Nit  visual  cues  reflecting  vehicle  stale*  and  motion*  are  located 
directly  below  the  helicopter.  A*  visual  range  iN  Nil  vl*{«t  ef  iN  utnl*  retteAt* 

toward  IN  »a*»  angle*  Nlew  iN  Nlltepter  vNre  tN  Nil  flight  control  ewes  ate  found. 

image  f  t  sjvftolle  cw*  o f  night  vl* ten  systems  both  preclude  effective  iih  »f  nerval  spatial-mat l on 
visual  y«r  film,  which  quickly  processes  tN  entire  V lsual  array  in  parallel  with  no  er  very  ley  workload. 
Downward  v  swing  display  concept*  should  alley  normal  spatlAl-mdtlen  vision  is  function  effectively, 
resulting  1r  major  reduction*  In  pilot  votkload  at id  training  requirements,  and  safer  flight  cantrel  with 
poor  visibility. 

At  terrain  flight  Night*  mast  tactical  visual  cw*  are  visually  g«pre*»ed  in  elevation  angle  ultnln 
Just  a  (<y  degrees  at  iN  her! ten,  but  are  widely  dl*Nf«ed  in  aeloyih.  Terrain  obstacle*  is  aafe  flight 
are  alas  located  within  a  few  degree*  of  tN  Nriiw,  hut  are  veil  defined  In  aslmuth  by  tN  velocity 
vector.  It  1*  concluded  night  vision  systems  could  be  Improved  by  designing  to  Ntter  r-*leli  geometric 
characteristic*  of  visual  cue*  and  nerval  pilot  spatial-motion  visual  processes. 

iKiiotmieK 

KelUeyter  yllat  night  viatsn  ayitena  enable  terrain  flight  niinlena  In  United  vlalblllty  vnndltteni 
that  are  net  feaathle  with  direct  unaided  vlatea.  However,  there  ayatesa  lc?e»e  high  yllet  werhiaad, 
aireia  and  fatigue,  and  require  eatenilve  training  to  develep  and  nalnialn  preflelency  at  levela  aarurlng 
cenbat  effectlvtneaa  and  flight  aafety.  Attaining  nlaalen  effectlveneaa  with  aafety  l«  e*peclally 
denandlng  of  pllotn  when  vUual  range  iciaas*  severely  United  by  atneapNm  attenuation. 

Current  helicopter  night  vUten  iyatena  represent  deilgn  c<wproat*ea  aseng  the  nlxilon  vieual 
requlreaenti  for  flight  control,  target  acqutillten  and  target  engagement.  TN  CMsyrmleea  have  reiulted 
In  ayatesa  with  characterlitlca  vtvleh  are  not  highly  effective  for  any  of  the  requlrenenta.  The  ayatea 
deitgna  euggeit  the  developer*  were  not  highly  aware  ef  either  visual  Infonwilon  regulrenent*  and 
cNracierletlce,  or  the  vl*ual  and  mental  proteaiea  of  tN  pilot*  who  will  apply  the  ayitena  In  coNat. 
VUual  range  attenuation,  in  particular,  »pN«r*  to  hav  received  little  conilderatlon  In  night  vl*lon 
*yat«»  dealgn  declaton*.  Coniequently,  flight  control  capability  can  be  leal  entirely  with  *uh««ntlal 
vliual  range  attenuation,  even  when  relatively  good  vlxtoo  ef  the  terrain  mill  exlitx  for  core 
angtea  of  view. 

Except  for  the  Imaging  technology,  night  via  too  *yauB  dealgna  repreaent  »  cloae  approxlnatiw  to 
juat  a  alnple  tranafer  of  a  hose  televldon  picture  to  tN  pilot  on  a  panel  or  heleot  display.  Tti« 
aensor  and  dlaplay  characteristic*  that  would  Nat.  aatlafy  each  of  the  Btaaien  visual  regolrenent*  reed 
to  be  defined,  without  hone  TV  constraints,  lor  esch  of  lha  major  environment*  of  day,  night  and  United 
vlaual  range.  In  addition,  evaluation  criteria  need  to  be  defined  for  analysts  and  a**«**s«nt  of  Iwv 
well  a  given  design  satisfies  the  slsslcn  visual  requirements.  To  the  author's  knowleoje,  these  best 
chsrscterlstlcs  and  evaluation  criteria  have  never  been  defined  and  used  a*  guides  for  tN  design  and 
development  of  olght  vislcn  systems. 

Developers  of  helicopter  night  vision  systems  and  their  Improvements  need  to  understand  the 
relationships  between  vehicle  states  sqd  notions,  and  the  related  changes  In  images  for  various  sensor 
directions  and  fields  of  view.  It  appear*  developer*  have  focused  cn  tN  "form"  aspects  of  night  vision 
requlrenenta,  and  virtually  Ignored  the  "spatlal-oeilen"  Information  requlrementa  of  pilot*.  Vnder- 
stsndlng  it  needed  of  the  effects  on  acquisition  probabilities  of  aagulsr  compression  snd  dispersion  of 
targets  and  threats,  and  effects  of  the  interactions  between  field*  of  view  and  the  limited  duration  of 
viewing  opportunities  for  many  tactical  cuea.  Till*  report  will  addrnas  some  of  these  type*  of  relation¬ 
ships,  effects  snd  aspects  that  may  not  have  received  systematic  consideration  in  the  design  decision* 
of  prior  night  vision  system  development  and  Improvement  efforta.  Better  reflection  of  such  factor*  In 
night  vision  system  design*  should  hava  a  potential  for  major  improvement*  In  their  flying  safety,  combat 
effectiveness  and  associated  training  requirements. 

A  thorough  ergon  tale  analysis  of  night  vision  systems  Is  not  feasible  within  the  allowable  length 
for  this  paper.  However,  a  few  of  tho  more  significant  ergonomic  issues  will  be  noted  that  relate  to 
effective  vision  vlth  end  c*e  of  night  vision  system v  and  to  the  effects  of  the  extreme  psychological 
stress  of  cosbat. 

The  geometric  and  erg on  cole  analyses  reported  here  resulted  f roa  an  effort  to  deteralne  the  causes 
for,  effects  of  and  approaches  for  reducing,  the  high  pilot  vorkload  and  training  require&ents  of  night 
vision  systems.  Maintaining  a  safe  flight  control  capability  with  severe  visual  range  attenuation  vas 
a  cajor  concerns  The  variables  of  line  of  sight  orientation,  fields  of  viev  and  sagnlflcatlon,  and 
sensor  nouating  and  slaving  will  be  considered  in  teriss  of  effects  on  probabilities  that  pilots  are 
provided  the  best  visual  cues  to  support  their  flying  and  fighting  tasks.  Typical  night  vision  svstea 
characteristics  are  assused.  Finally,  the  conclusions  reported  apply  equally  to  both  lntcnslfler  and 
Infrared  inaging  technology  night  vision  syst eas. 
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The  b**ts  ywtpe»<-*  of  helicopter  niahl  vi*lw  ayatswt  and  aide  *r«  t»  provide  pilot*  «t  tasting 
capability  during  darkness  that  will  enablet 

flight  temtrol  and  navigation 

avol, }aoc*  of  obstacles 

vUual  acquisition  of  target*,  threat*  and  friendly  element*,  and 

»«U«jrtt*!U  of  4*4  throat*. 

Theta  4  vide  variety  of  footer*  that  ore  lapcrtwt  to  detuning  end  uainx  night  vintm  aystea*  *a 
they  will  Mtvo  their  purpow  in  the  wit  eifectiv*  manner.  The**  Include  the  external  environment, 
night  viaion  *;*«>  characteristic*,  vehicle  characteristic*,  the  pilot'*  vituol  and  mentsi  tharactcr- 
title*,  aa4  tactical  consideration*.  In  thii  section  a  few  of  the**  footer*  ere  briefly  reviewed  *« 

«n  orientation  for  the  reader  who  wy  be  unfamiliar  vlth  night  vision  *y«u«  helicopter  operation*  er 
ergonomic  otpeot*  of  their  application. 

Cauas*  of  Poor  Visibility.  three  cause*  ef  peer  visibility  exist  thot  hava  substantially  different 
MAMOvetto**  eeTfiefueptet  terrain  flight  operational  capabilities  *n4  night  vUlen  *y#lcm  require¬ 
ments.  (He  i«  dAtiMM  with  little  of  no  atmospheric  attenuation  ef  visual  range,  thi*  force*  uae 
of  nfght  vtnien  systems.  A  second  i*  attenuation  of  visual  rang*  by  ccotrast  reducing  ai***pb*rte 
paniculate*  ouch  A*  cloud*,  fog,  rain,  duet,  anew,  moke,  hate  and  nl*t.  they  occur  and  will 
adversely  Affect  operational  capabllltiea  in  both  daylight  and  darhne**,  hut  have  a  greater  adverae 
affect  when  night  vision  *y*te«*  ate  used.  A  third  fora  at  poor  vlalbiltty  peculiar  to  helicopter* 

U  the  sudden,  often  template  Making  of  any  viaien  ef  the  terrain  that  can  reault  Iron  cloud*  of  duat, 
anew  or  nlat  ralaed  by  the  outflowing  rotor  dewnwaih  a*  the  heiitapter  near*  or  maintain*  a  hover 
in  ground  effect,  it  often  forte*  a  rapid  switch  to  Instrument  flight  control,  or  continuing  a 
landing  with  no,  or  very  poor,  vlaual  referent*  to  the  ground. 

Character! mica  of  Might  vision,  Srnem*.  There  are  two  baale  type*  of  night  viaton  system* i  Image 
lntenaifiera  and  Infrared  longer*,  luge  imen*i(i«r*  uae  a  photon  amplification  prate**  over  wave¬ 
length*  covering  the  viaual  and  near  infrared,  with  peak  sensitivities  in  the  far  red  ur  Infrared 
Juat  beyond  direct  human  vlaual  aenattivlty.  Inage  Intcnaiflcation  can  be  built  Into  or  coupled  to 
a  TV  camera,  but  in  helicopter*  i«  neat  often  found  in  the  fora  of  night  viaton  goggle*  attached  to 
the  pilot'*  head  or  heleet.  infrared  inager*  are  core  complex  tynena  that  detect  temperature 
difference*  between  object*.  Their  tenter*  usually  are  counted  on  the  noao,  lop  or  past  of  the 
helicopter,  and  their  Images  provided  on  panel  display*,  telescopic  display  unit*  or  helnet  diaplay*. 
Senior*  may  be  nanually  aimed,  *lav*d  to  helnet  angle*,  or  automatically  stabilised  in  one  or  more 
aie*.  The  pilot  ntght  viaion  ayates  in  the  U.S.  All -61  Apache  helicopter  uae*  a  note  wonted  infrared 
aentor  slaved  to  pilot  helnet  angle*  In  pitch  and  yaw,  hue  not  roll.  Offaet  of  acnaor*  iron  the  center 
of  rotation  of  the  helicopter  can  produce  anomalous  lunge  change*  with  vehicle  atate  change*,  which  the 
pllet  ha*  to  learn  to  recognlie  and  compensate.  Typical  field*  of  view  are  circular  diameter  of  (0 
degree*  for  night  viaion  goggle*,  and  39  by  AO  degree*  for  other  pilot  aenaor*.  The**  field*  of  view 
block  w*t  of  the  peripheral  viaual  cue*  helicopter  pilot*  believe  they  uae  eatenalvely  for  flight 
control  with  direct  viaion  in  daylight. 

Viaual  Change*  In  H lr.hr  Control,  in  very  simplified  teroa,  a  helicopter  file*  heeauae  of  lifting 
force  aw  the  matt  produced  by  the  turning  rotor*.  To  accelerate  or  change  poaiticn  the  lifting 
force*  are  tilted  allghtly  by  varying  lift  of  the  rovor  at  appropriate  axivuth*  for  appropriate 
duration*,  to  produce  a  lateral  or  longitudinal  component  to  the  lift  vector.  Direction  can  he 
changed  by  either  aatltorque  force*  at  the  tail  rotor,  or  by  banking  when  forward  apeed  exists. 

Large  pitch  or  roll  attitude  changes  occasionally  nay  be  uaed  for  short  periods  to  produce  large 
translational  acceleration  or  deceleration  forces,  hue  much  * nailer  angle*  art  the  norm  (or  noat 
maneuver*.  For  hoverinx,  pitch  and  roll  change*  will  usually  be  only  a  fov  degree*  or  las*,  with 
change*,  on  average,  to  ahlfc  or  maintain  a  position  often  involving  only  a  fraction  of  a  degree. 
Perceiving  such  snail  attitude  change  angle*  are  unlikely  with  night  viaion  systems,  and  also 
unlikely  with  direct  vision  in  daylighc.  It  ia  probable  the  piloc  key*  on  tranalational  rate*  as 
hi*  primary  vlaual  hover  flight  control  cue,  hut  perceiving  theae  rates  is  difficult  in  the  typical 
forward  viewing  night  viaion  ayatea  image. 

Vlaual  Procraaea.  No rami  human  viaion  coabinea  three  dlfiorent  perceptual  proceaae*  into  an  Inte¬ 
grated  whole  perccptlcn(l).  Theao  arei 

(1)  a  spatial  and  motion  perception  process, 

(2)  a  color  perception  process,  and 

(3)  a  high  resolution  fora  perception  proceaa. 

Encoding  for  all  three  protests*  oecura  In  Che  recina  of  the  eye  in  a  basic  fora,  with  no  workload 
or  attention  involved  (1,  2,  3,).  Special-motion,  color  and  fora  encoded  signal*  are  tent  via  the 
optic  nerves  to  aeveral  mldbraln  nuclei,  where  they  are  releyed  to  vlaua*  areas  of  the  cerebral 
cortex,  or  linked  to  motor  neurons.  At  the  cortical  visual  areaa  there  are  relatively  direct  links 
to  motor  areaa  and  pathways,  and  also  extensive  ties  to  association  areaa  of  the  cortex.  Processing 
that  extracts  additional  informatics  occurs  in  both  the  mldbraln  and  cortex.  These  basic  form*  of 
visual  process  encoding  and  their  anatomically  direct  links  with  motor  actions  should  involve 
virtually  no  workload,  and  be  quite  realacanc  to  the  adverse  effects  of  atreaa  on  visual-motor 
performance. 

Spatlal-Hotioo  Encodinni  The  apatial-DOtion  encoding  that  occurs  in  the  recina  conslsta  of  a 
variety  of  different  types  of  information.  Included  are  nerve  signal  encoding  reflecting  the  fact 
of  motions  of  external  objects  and  motions  of  self,  and  the  directions  of  these  notions.  Motions 
not  germane  to  survival  of  anisala  nay  not  be  reflected. 
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Far*  fanv-lUe  vfttft list  iMt  occur#  In  the  leiias  and  higher  brain  tenure  teMUw  el 

IetiU«i)l!U  a  f«v  degrees),  directionally  r«*#lv*d  (to  a  fee  degrees),  spatial  Fourier  transfer!* 
analyier  equivalent#  e(  l*H*  cent-st.  t.y  *tw  53  degree#  visual  angle  sr  directional 

srieamion  dlf (stent**  #f  ee«  than  I)  degise*.  fere#  with  #(*tlar  spatial  Fourier  u***Utm  will  b# 
difficult  (4  distinguish,  Continued  exposure  ta  a  fere,  especially  bright  er  high  contrast  fen,  will 
wnK  er  r eduea  sensitivity  t@  a  slsllsr  nearby  fen.  This  ha*  the  practical  that  conil sued 

exposure  to  .fen#  ##4  edge  uriestatiea*  in  night  vision  system  syxbel egy,  will  *«»h  er  reduce  sensitivity 
t«  adjacent  l»age  object#  baying  *l*IUr  #tef**  er  edge  stientauens,  'Of  particular  cement*  1*  the 
extansivv  u««  ef  heriiontal  ##4  vertical  edge#  in  synfeelegy,  vhta  the  dnstnant  characteristic#  fer 
reeegnltfex*  ef  obstacle#  and  target#  ate  als#  horiicntal  and  vertical  edge*. 

ren  ^ngilttew-fauia* >'<nUf;j»'ii_8trr>#_t.‘tn^tw^f jtia.  r«r»  recognition  1#  found  s**ly  in  higher  sulnal 
species.  #nd“ia"Wt«»«e  appeas#  t«  require  attention  (Infer  workload)  to  the  fen  in  cnhtnatien  vith 
senary  (infer  workload)  and  ttnn  degree  ef  higher  natal  processing  (Infer  workload)  involving  aisoci- 
atien  with  senary.  Fen  recognition  vill  invelve  the  association  area*  at  the  highest  level  ef  the 
central  iwtveus  Byste*,  the  cerebral  rerun,  hath  element  in  the  Bysbelogy  ef  night  vl#i«*  agate*# 
requires  a  fen  recognition  process,  a  ct»p#ri*«n  ef  indicated  value  vith  senary  fer  the  desired  value, 
and  often  integration  vith  ether  element#  fer  correct  interpretation  ef  vehicle  state  an4  needed 
central  Attlees.  Fen  recognition  i«  net  essential  fer  basic  helicopter  flight  central  in  daylight, 
hut  is  required  fer  flight  central  vith  night  vision  syste*  lsucc#  due  t«  their  #*all  field  «f  vl.v. 
the  extreme  sirs*#  ef  actual  coebat  should  adversely  affect  the  fen  recognition  prate*#,  especially 
Its  senary  an4  higher  Penial  processing  aspect#. 


rye  1 1  a  I  -Ho  1 1  on_Pror  * .«  reaM  ell  c  d JlyJji  ighi_VI  »t<y  siv  a  t  eas .  Helicopter  pllet#  report  they  u»e  peripheral 
spat tal-ftstlen  perceptual'  process##  exrenslvvly  for  'flight  centre l  vith  4ir«tt  vision,  they  Alee  report 
the  United  fiel4  ef  vlev  ef  nifht  vision  syste*#  pr#elu4e#  itenul  u>«  of  these  prerease#.  a*4  farce# 
th«»  t#  #4apt  altarnative  techofguea  fer  extracting  the  infenatien  they  require  for  flight  rentrei. 
filet#  state  that  allgniKnt#  an 4  relative  nation#  between  feregr#un4  anJ  h#chgreu«4  ehjrcl#  (parallax) 
are  najer  cm#  u#e4  in  flight  central  with  4ir«ct  vialcn.  espeel4fly  for  hovering.  These  cue#  are  text 
when  Ilnlte4  viseal  range  na#h#  lirt  hackgreunj  object#  Iron  vi«v  by  re4ucing  their  contrast  Vcleo 
visual  ihre#hal4«. 

jfen  pefare  Seen  t a  Survlvq.  Tactics  use4  #y  all  t.pe#  ef  ntiltary  force#  Iaclu4«  attreptlng  t«  regute 
enelty  epiwtwtUy  tor  4e:«cting  an4  observing  their  adieu*,  while  improving  their  «##*  clwnce#  fer 
Oetecting  ap4  observing  the  eneny.  A  l«rge  percentage  of  coohat  caeualtiec  probably  result  frees 
successful  application  of  chi*  tactic,  when  It  often  enable#  unopposed  #ti«ek  vith  very  high  probability 
of  success.  Fighty  percent  of  VU  I  *tr-io-alr  coegiat  kllla  are  reperte4  to  he  the  result  e!  such  attack# 
on  unaware  via  Ins  (*),  it  is  logical  to  pretuse  unaware  victln#  vill  continue  to  account  for  a  large 
percentage  of  caaualtie#  in  both  greun4  an4  air  ce*bai,  inclu4l#g  helicopter#.  To  ntnlolao  chants#  of 
becunlng  unavarc  victlnx,  helicopter  night  vision  systens  nee4  to  assure  a  high  probability  of  rapid 
detection  of  both  ground  and  air  threats.  Vho  See#  whoa  first  will  hav«  eajor  lapacl  on  outcoees  of 
etsabat  engagewnt*.  Soldier#  of  all  rank#  fully  understand  thl#  tactical  t(ul#»,  and  weigh  It  heavily 
in  tbeir  tactical  decision*.  Designer#  of  night  vision  system  should  also  give  heavy  weight  to 
probability  of  detecting  the  eneay  before  he  detects  us. 

^ration  of^Tmtlcai  yjsiuljtuea.  A  Mjarity  of  the  tore  critical  tactical  visual  cue*  are  neoentary 
or  of'Vhort  diTratVoh.  FxispieV  include  cuttle  flashes,  at  as  11c  firing  and  burn  plus*#,  short  vehicle 
exposure#  for  Observation  or  weapon  firing,  and  short  soldier  or  vehicle  exposures  aa  they  quickly 
oove  fron  concexl&cnt  behind  one  object  to  cenceeleent  behind  another  object.  Kap-of-tho -earth  flying 
contributes  to  short  viewing  durations  because  of  tho  tasking  ef  vegetation  and  terrain.  A  viewing  gap 
oust  exist  through  the  masking  for  any  possibility  of  observation,  and  east  will  be  quite  shun  (S). 
Vantage  points  with  good  views  will  be  used  often,  but  any  suvenent  behind  the  tusk  will  result  In 
short  viewing  gap*  having  nearly  randott  directions  and  durations.  These  viewing  gaps  represent 
opportunities  for  the  eneay  to  observe  us,  ss  well  ss  for  us  to  observe  hln.  If  our  sensors  are  not 
looking  in  the  direction  of  the  gap  while  It  Is  open,  the  opportunity  fur  observation  vill  be  lost. 

RESULTS 

The  results  in  large  part  derive  froet  straightforward  geoaetrieal  consideration  of  locations  and 
changes  In  flight  control  and  cactieal  visual  cues  In  night  vision  systee*.  for  terrain  flight  heights 
with  both  good  and  United  visual  range.  To  nlnlaUe  complexity  It  will  be  assuacd  that  vliual  range 
attenuation  In  poor  visibility  la  a  constant  linear  function,  and  that  the  terrain  la  a  flat  surface. 

The  actual  variation  in  visual  range  attenuation  end  terrain  relief  characteristics  will  produce  only 
nlnor  deviation  trm  the  result*  obtained  with  these  astuspeton*. 

Coosotric  Characteristics.  The  fundanental  geometric  relationships  tint  font  the  basis  for  nost  of 
t’he'retuUs  are~illustmed  In  Figure  1,  and  a  sat  of  pertinent  values  are  tabulated  tn  Table  1. 

In  panel  "a"  of  Figure  1,  a  profile  view  of  elevation  angles  is  shown,  which  applies  to  any  relative 
direction  of  view.  On  the  right  side  la  sketched  a  typical  night  vision  sensor  30  degree  elevation  field 
ol  view  that  la  centered  ou  the  horlton.  it  nay  be  noted  the  lover  edge  Intercepts  the  terrain  surface 
at  a  point  "1"  at  a  distance  several  tinea  the  viewing  height.  Fro*  the  Table  1  values  for  13  degrees 
dip  angle,  It  *ay  be  found  the  terrain  distance  is  3.73  and  the  sightllne  la  3.86  dees  the  viewing 
height.  On  the  left  aide  of  panel  "a"  are  lines  separated  by  1$  or  30  degrees  labeled  A  through  E. 

It  eay  be  noted  these  equal  angular  separations  result  in  unequal  distances  on  the  terrain  surface 
(corresponding  to  a  tangent  function) ,  with  the  lest  angle  to  the  horison  itspossible  to  represent  duo 
to  Its  Infinite  value. 

Panel  "b"  Illustrates  a  plan  Vow  corresponding  to  panel  "a,”  but  Illustrating  the  typical  60  degree 
axlsuth  Held  of  view  of  a  night  vision  sensor.  The  lover  edge  of  tho  sensor  intersects  the  terrdt- 
surfaco  at  the  line  "I but  the  top  edge  of  the  sensor  and  all  angles  near  the  horizon  will  be  lndster- 
slnant  for  this  plan  v..ev.  On  the  left  the  points  corresponding  to  the  15  or  30  degree  angular  Increments 
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Figure  1.  Angular  representation  of  terrain 
viewing  anglea. 


nay  be  »<*«  to  f«U  at  distanto*  ire*  the 
tester  equal  to  the**  in  f«wl  “a."  This 
view  eccwmsly  l«(lllti  atlwibs,  V«l 
ftwU«*  M  iaiorwatieo  about  elevation 
angles  war  or  show  iN  hetMan, 

in  panel  V*1  l*  found  «  polar  »l»t 
emblatiiS  a*l*»th  and  eleven**  aaglss 
iafooMtins,  with  the  teat**  n?t**<a(t*g 
the  downward  vertical  («r  *5  dagre*  dip 
angle).  Tie  circle  tspresms  the  bar  Mm, 
feint*  outside  it  repteemt  elevstiw  sagle* 
shave  l He  barites,  and  paint*  failing  inside 
it  represent  Or  entire  viewable  terrain 
surface  that  lire  is  the  lmr  henisphet*. 

It  provide*  equal  spacing  f»r  *qu»l  aUvatios 
angles.  Bev«v«r,  Slieetfc  angle  Staling  is 
equal  to  that  for  elevation  at  only  me 
elevation  angle,  5M  degrees  Ire*  the 
vortical. 

VUIm  UUti  %m<*  Muvuatlae,  The  Quality 
WS  visual  ioage  oTt'he  tarrais  in  poor 
visibility  depends  On  the  angle  of  vlav,  the 
degree  of  range  attenvatien,  and  th*  viewing 
Night.  Hew  far  and  hew  well  one  can  See 
the  terrain  when  visual  range  attenwatlm 
exists  is  as  inverse  linear  function  of 
range  to  points  os  the  terrain.  The  points 
with  the  shortest  sightline  range  v|U  he 
seen  Pest,  and  hay*  the  highest  probability 
»f  being  sees  st  ail.  The  shortest  Sightline 
to  (ho  terrain  la  a  vertical  line  below  the 
helicopter.  JUewxing  level  terrain,  ratio 
of  length  of  sfghtlleos  to  the  terrain  are 
defined  by  the  Secant  of  the  angular  dif¬ 
ference  free  vertical.  Table  X  shew*  these 
reties  for  angles  Indicated  both  aa  differ* 
encea  frea  vertical  and  dip  angle  below  the 
her  Men. 

The  increase  in  sight It ns  distant*  is 
sees  to  increase  slowly  with  increasing 
sngl*  ft*e»  vortical.  Ter  example,  at  JJ 
degrees  fro*  vertical  sightline  has  only 
Increased  by  10  percent,  and  at  50  degrees 
only  by  U  percent.  One  can  tewcluda  that 
if  (he  terrain  c*n  bo  seen  at  all  at  the 
vertical,  a  targe  SO  to  60  degree  disaster 
cose  of  nearly  equivalent  vision  of  the 
terrain  will  be  available.  Aa  aightllne 
ratios  exceed  ISO  percent  at  40  degrees 
fro*  vertical  and  beyond,  (be  attenuation 
of  contrast  will  begin  to  preclude  terrain 
vision  with  severe  range  attenuation.  The 
actual  angle  at  which  effective  terrain 
vision  is  lost  will,  of  course,  depend  on 
■Ni  degree  of  atsospheric  attenuation, 
vhenever  significant  stnorpherlc  attenuation 
exists,  contrast  reduction  for  any  forward 
viewing  renter  will  be  substantial.  At  the 
lower  edge  of  a  JO  degree  elevation  angle 
sensor  centered  on  the  horison,  for  exaaple, 
attenuation  will  be  396  percent  of  that  for 
angles  directly  beiow. 


Head  Slavlor  and  Mountinx.  A  helicopter  pilot  does  not  fly  hi*  head,  he  flies  the  heiicepur.  In  view 
of  this  obvious  I act,  one  nay  wonder  why  he  is  given  senaore  slaved  to  or  nounted  on  bis  head  as  tin! 
source  of  Inf onset ion  for  controlling  the  helicopter.  Although  too*  edvaoceges  result  fro*  head  staving/ 
wonting,  rijor  disadvantages  result  for  acquiring  flight  control  intonation.  Flight  control  requires 
knowledge  of  locus,  or  core  accurately  ehange  in  locus,  of  visual  cues  with  respect  to  helicopter  axes. 
Head  sMving/oountlng  haa  the  effect  of  adding  a  large  source  of  noise,  or  uncertainty,  in  the  locus  of 
visual  cues  with  respect  to  hellcop'tcr  axes.  The  aaounc  of  this  noise  or  uncertainty  for  head  angles 
appears  typically  to  be  on  the  order  of  2  to  4  degrees,  although  st  tines  it  nay  retch  10  degrees  or  sore. 


The  uagnltude  of  this  heed  anglea  noise  equals,  or  say  exceed  by  an  order  of  sagnicuda,  the  rotational 
changes  required  for  controlling  a  helicopter  in  n  hover.  It  exceeds  by  one  or  two  ordera  of  eagnitude 
the  angular  changes  that  occur  in  a  forward  viewing  luge  that  correspond  with  the  typical  "hover  box’*  of 
a  helicopter. 
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g*tl*»  el  Slghtlfse,  Surf art  «*!»*<«  mi  Angular  thaege  t«  tmusl 
f*r  Vafinas  Aagle*  ft  »««»«  ft  the  T*f»*S» 
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lack  uf  UttSMlt  el  head  angle*  Appear*  te  h*  Ba»&  1**#  ft  4  pfs&lxa  lei  heed  *wu«(e4  night  timw 
(<•«!<*  than  It  la  lei  !«J4  «l»wi  KMfft  *»fh  a*  the  1*VA  used  l»  (be  B<(e,  Ihl*  «ll»aueti  exist*  Is 
oplte  el  the  fact  l*y.5t  w»e*  a* *y»bvl  (Kit  i««**y*  1x44  angle*  laterMilM  vht.l.  l«  set  *»*li»hlc  *  (•* 

KllM  Viejo*  guggle*.  She  reasons  am  net  e.atlipeiv  «I*Ar,  Nut  It  I*  »we?<.  ted  the  ,e.gpli  fioel-g 
nlfustuf*  wtlliwt,  even  though  falge  vfffc.  inHntf*  guggle  luces,  Be*  pfucld*  hIII.Ibu  head  eagle  >u** 

Is  a  natural  lev  V*|XW14  ter*.  She  I*.'*  *1  Imager  vftsei  Item  the  eve  with  g^gie*  *41  a  1*j  ■.-aitll-.ie . 

U  »V»»ld  Bel  fee  Inferred  (hat  pia.:t»e  hatcwledge  »f  tread  assies,  >-r  even  Kettcuprer  angle*.  are 
essential  ler  flight  ventral.  over  tl«e,  a*  drift*  a-,  u*.  late.  wle»llle*  relative  (u  (be  terrain 
•hewld  fce.wur  evident.  Precision  herer  ».<ntrel,  however,  iimil  tv  predated  fee  visual  .we*  that  .  leetiv 
viwve*  pv.liin  .hartge*,  rate*  a«d  hell.eplef  angle*.  targe  usvertatsllee  »»  the**  *ve*  resulting  !»** 
head  angle*  uncertainly  are  veriald  t»  ferine  (twer  rtr.Ut.vi.  and  retire  substantial  verXlead  Is  *«e 
let*  te  luttfrati le. 

4*m*  WJ«  Advantage*  «f  bead  n-vnuat ’’slaving  are  ties  simplicity  v»  ge-gsae  dealga,  and  la^tnyl 
S*l*h  tea. (tea  sagagcncni  as 4  crew  , wvrdlnailon  In  *441 1 Ian  to  tread  a»4  visual  tut 

levAdett  wurt laliitv,  disadvantage*  Include  (In  non-goggle  desist*),  substantial  .resplexlt'i  and  **»(*a 
««at  resulting  Ire*  bead  slaving  aad  dl«?la»,  and  rarnv  fragile  .cepoesnt a,  coti'u.  liana  and  adjustment* 

(Hat  van  adversely  affect  reliability. 

Anjvlaf  j3tw^«JfltHJtyKlvl*AJ!Mte. tlsBife,  «>e  largest  angular  .bacige*  In  live  at  ih«  III  degiee*  if 
ttee«ao  ui  vehicle  State  .Kange  are  lound  to  be  located  directly  tie  lea  tt,«  v«h|,  le.  tlrevtly  feejiv, 
angular  change  tut  vehicle  pitch  ant  tell  thaagea  e^ual  (he  mailsws  rhatigo  t< t  a»v  other  glrevUm  «l 
vlev.  Angular  vliange  directly  tie  leu  Isr  vehicle  v*«  ihattgea  aie  leva  than  that  avail  able  at  wtlwr 
viewing  dirmiosia,  but  will  be  f«rr«lv«4  easily  lor  any  yraetlval  iMging  ayalem.  all  three 
iranxlatluaa,  twch  larger  angular  rhang**  will  ncvur  below  the  vehicle  than  at  any  ether  angle*  of  vlev. 
Vtth  tranalatlena,  the  very  abort  range  to  the  terrain  at  naj»-ot-ih«-eanb  viewing  heiglita  e»r?«»lae 
itrtve  angular  change*  in  the  dewnwerd  toage  relative  (a  ether  viewing  direction*,  the  viewing  angle* 
directly  belev  the  vehicle,  therefere,  provide  In  one  location  large,  eaelly  perceived  laage  angular 
change*  reflecting  state*  ef  all  alg  degree*  of  freede*  of  notion  needed  for  htllcvpter  flight  control. 
Jht*  le  not  true  for  any  ether  direction  ef  vlev.  Including  the  forward  view  now  used  fur  all  night  vt*l.« 
systems. 

gotatliKii,  there  are  two  type*  of  Image  change  that  result  Iron  rotation*!  A  rotation  ur  (lit  ef 
(ha  entire  Image,  and  displacement  cf  object*  across  the  display  that  Increases  with  separation  fro* 
the  axl*  of  rotation.  The  Imaga  change*  resulting  froa  vehicle  or  *en*or  rotation*  can  be  deiined  by 
a  set  of  general  change  rulea  and  by  fomtlai,  the  pries ry  change  rule*  and  f omuls  arei 

Xo  Kelatlve  Change  t.ulai  So  relative  changes  occur  In  the  vlaual  areay  of  the  vorld  with  Juav  sensor 
rotatient  (6).  Relative  position!  of  all  elesenta  in  the  array  resain  fixed,  the  effect  of  censor 
rotation  is  only  that  it  aaspla*  a  different  part  of  the  fixed  visual  array. 


1 


Si'i'Jii'J1  far  vehicle  er  ««*er  remim*  about  »»  **l*  of  teiatltsu 

—  F*ra  n?“ (Msg*  !l  rtsatlca  Mfti ad  the  Ml*  »*  ftWl. 

—  !»*<;*  m»U«t  1*  egual  i»  vehUle/*e«**r  mnltn,  vhea  the  ad*  ef  remit*  is  it  the  tenter 
of  th*  Image, 

—  «w<m  vf  dltplaoEonrt  Is  the  1  nags  tctenisg  fie*  mails*  !*«**»«*  la  p  rvpeuina  to  sine  of 
viewing  tittle  offset  f«*  tk  fleet  *»(*,  t*  *  maximum  M  degree*  frew  the  act*, 

—  Urneat  offset*  *f  **«**r  (ns  routtm  *«l*  f» of***  displacement  l*og*  change*  ftepouiaa*!  w 
tho  offset,  while  irwg*  mailer*  angle*  innllave  «  egwal  vehicle  er  *en**r  malleus. 

—  r»r  a  >««ir  aligned  w  tm  *xt*  ef  matter),  th4  other  tvs  matleu*  f rvduce  a4*I»«*  displacement 

X-T  fsag*  chiags*  f fepettleail  ta  vehicle  angular  chinas. 

Chj*jfjf!»nwl«..l  Angular  ttwaje  fet  ««  object  la  4  eleven  with  melius  about  sa  axl*  «*»  be  defined 

#*  la  i«5»Tu 

XetMioast  <t»*ie  formula! 

Angular  *  «ln  ieff.ei  angle)  a  I  (*ln  (retailw  angle/ 1)1  (I) 

Vfem  untir  1*  in  radii**,  and 

Offset  *sgl«  1*  tiie  difference  between  the  ratailea  sal*  and  angle  ef  regard, 
faults  angle  I*  different*  between  tv*  m*UM  *t*la»  ef  Vehicle  or  e«n»»r. 

tet  fitch  i nd  rail  matins*,  angular  change  directly  beliv  the  vehicle  *c«*la  the  maximum  change  found 
*t  any  ether  viewing  eagle*.  the  tyntjuds  ef  MfeUr  laage  change  fer  vehicle  fitch  and  roll  rotation*  In 
a  deva-pointing  keener,  will  he  Identical  t*  there  fer  vehicle  fitch  *»d  yaw  change*  with  the  rue  sensor 
{•elating  forward.  the  angular  change*  below  the  vehicle  fer  yew,  however,  «re  mailt**  rrr-xtJ  the  vertical 
ante  thu  prtvide  lean  angular  change  than  the  »a*t*w»  yaw  » «»)»  change*  vhtch  Me  found  «t  the  hotfoot) 

In  nay  direction.  fer  the  change  rule*,  yaw  angular  change*  Me  tete  »a  the  fleet  **U,  an4  Increate  with 
distance  fteo  the  ftm  *xt«.  there  util  he  ferceivv4  e**lly  at  tusieme  dletance*  lira  the  flv«t,  *n4 
have  nanlmn  4i*flac<a«nl  change  at  the  «4ga  Of  the  4t«flay.  ihete  Angular  change*  ulth  yau  helou  are 
41«Ctly  Mtalogew*  to  the  change*  at  the  forward  herlaon  vlevnolnt  with  roll.  At  the  f«rwar4  horUcn 
vleufetm  the  v|*ual  t*aga  pivot*  arnwvl  the  roll  axl*.  Toe  Nlaaal  gala"  for  you  Inching  helou  I*  the 
*a*e  a*  far  roll  loehing  forward,  it  *h«ui4  he  noted  the  naxinu*  angular  and  dlapiaeeacsi  change  for  roll 
at  the  harlaar,  egual  t»  that  found  for  roll  helou,  vtU  be  found  In  the  lateral  (to  and  110  degree) 
direction*,  for  each  rotation,  mla  angular  change  lx  found  on  a  plane  perpendicular  to  the  exit  of 
rotation,  fer  yau,  therefore,  Mxinua  mgular  change  occur*  at  all  paint*  on  the  horlton. 

•raxalatlon*.  Inage  change*  rexulllng  iron  vehicle  tranalatlen*  can  be  defined  hy  *  net  of  general 
change  rule*  and  by  (onwlu  In  either  rectangular  or  polar  coordinate*.  Only  tuo  uaya  of  defining 
tranalatlon  angular  change,  canfldered  oe*t  genaane  to  flight  central  vt«lon,  have  been  (elected  fren 
the  fcwy  available,  figure  }  llluximte*  the  angular  change*  resulting  frtw  translation  that  ulU  be 
considered.  Only  a  feu  of  the  nany  related  egulvulent  formtla*  have  been  eelecteo.  The  prirury  rule* 
and  fomula*  *r*t 

ha  relative  Change  fgUtei  Two  point*  (or  angle*)  of  no  relative  change,  nr  null  point*, 
exlac  In  the  vl*ual  array  tor  any  n on-curvilinear  tr>n«latlena.  change  (1).  One  ol  theae  repreaent* 
the  velocity  vector  or  apatUl  angle  of  advance,  and  the  other  the  angle  of  retreat  in  the  oppoxlte 
direction. 


Kalatlva  Ounce  »ult«i  Ter  linear  tranvlatlon  nleog  a  vectort 

—  Any  trenaUtianal  change  ef  viewpoint  produce*  angular  relative  change  between  the  foreground 
aaj  bacbground  elenento  coepeatng  the  vtiual  array  of  the  world,  except  for  the  two  no-change  point* 
on  the  velocity  vector. 

—  A  *«U  part  of  the  vltual  array  «uy,  or  nay  not,  contain  change*  In  vtaval  cue*  effective  for 
cooveyln-  change*  in  one  or  nor*  reticle  tran*Uiioe*l  Mate*. 

—  Magnitude  of  relative  change  for  each  elesent  In  the  visual  nrr»y  1*  Inversely  proportion*!  to 
it*  dlMtnco,  for  eleaeat*  with  lai  g*  angular  separation  tron  tlie  angle*  representing  ttie  velocity 
vector  null  potnie. 

—  Zero  relative  change  exist*  between  elcaent*  In  the  vltual  array  falling  on  the  vehicle  velocity 
vector  angle,  and  relative  change  between  vlautl  array  decent*  increase*  with  separation  Iron  this  null 
point  In  accord  with  a  function  Involving  both  dltttnco  and  angular  reparation. 

Change  rornula*!  Angular  change  of  object*  In  the  vltual  array  for  unit  of  tranalatlon  along 
*  flight  path  vector  are  defined  for  rectangular  and  polar  coordinate*  by  (onaila*  (J),  (3)  and  (*). 

Change  formula  for  unit  translation!  rectangular  coordinate*! 

Angular  change  •  T  0l  +  hd  (Z)  j 

Chang*  formula  for  unit  cranslaticn;  polar  coordinate*!  j 

Angular  change  »  sin  (Axlauth  angle)  /  X  (3) 

Angular  change  «  (*ln  (Dip  angle)}*  /  K  (*) 

Vheroi  Angular  change  1*  In  radians,  and  the  term*  are  o*  defined  In  Figure  2. 

For  a  point  directly  below  theau  formula*  reduce  to  *ngul*r  change  *1/11.  If  their  aolutiona  aro 
multiplied  by  velocity  the  retult  will  bo  angular  velocity,  and  if  multiplied  'wy  unit*  of  crinalnclotul 
change  the  retult  will  bo  approximate  angular  change  for  troll  tranalatlonal  chans**  (for  exist  sslutiuu,  ,  ' 

compute  angles  for  stare  and  end  po«ltlon*  and  r»5<e  diffarcucea).  ic  follow*  logically  from  these  t 

formulas  that  tha  naxisua  perceptible  change  for  longitudinal  and  lateral  translation*  will  occur  between  , 

I  * 


i 

I 
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Figure  2.  '.liinUJtim  of  dip  and  aaiauth  angle*, 
and  te«M  w*«i  In  feroulaa. 


Figure  3.  Elevation  angular  chance  o f  surface 
objects  froo  level  unit  translational  change, 
{or  dip  angle*  and  viewing  heights  of  2,  3  and 
10  units. 


Figure  4.  Angular  change  resulting  froa  unit 
of  translational  change,  for  axinuth  froa 
velocity  vector  and  slant  ranges  of  10,  50 
and  100  units. 


a  downward  Inage  and  a  synthetic  symbol  repte- 
tenting  the  downward  vertical  axis.  At  low 
heights,  vertical  translation*  will  alto  be 
very  *pp*re»l  around  10  degress  er  sets  (too 
the  vertical  axis,  due  to  the  short  ranges 
producing  significant  anawat*  of  angular 
things.  Plot*  of  thsee  femulaa  In  Figute# 

3  and  *  illustrate  sensitivity  of  angular 
change  in  {sages  resulting  froa  «  unit  of 
translational  velocity  er  change,  ns  functioo 
rf  angle  iron  vector  snd  height  o<  range  of 
view,' 

figure  3  shows  terrain  object  angular 
change  for  tip  elevatien  angles  at  2,  5,  and 
10  whit  viewing  height*  fee  lewjl  flight 
using  fetvmla  (4),  the  herlaental  axis  is 
the  dip  angle  for  sighlline  intercept  of  the 
terrain  surface  under  4  level  tranalatienal 
vector.  The  curves  ior  each  viewing  height 
reflect  the  ratios  to  eaxleun  change  at  90 
degrees,  as  found  in  (he  right  column  of 
Table  1.  Differences  between  viewing  height 
curves  reflect  the  inverse  relationship 
between  tuage  angular  change  and  viewing 
height.  The  sine  squared  function  stays  dew 
for  snailer  dip  angles,  then  builds  rapidly 
with  larger  dip  angle*  ns  the  sine  values 
approach  unity.  As  the  dip  angles  beccewt 
large,  range  to  terrain  surface  intercept 
become*  short  as  it  approaches  its  atlnUua 
tijual  to  height.  At  the  lower  edge  of  a 
typical  forward  sensor  indicated  by  the 
dashed  line  at  13  degrees  dip  angle,  it  say 
bo  seen  that  only  6.7  percent  of  casinos 
potential  l tugs  angular  change  will  occut 
(for  height  •  2,  angular  change  of  1.9 
versus  maxima  change  at  90  degrees  dip  of 
38.65.  At  »re  typical  inage  visual  use 
areas  of  10  to  3  degree  dip  angles,  the 
inage  angular  changes  are,  respectively, 
only  3.0  and  0.8  percent  of  naxinua) 

Flgun  4  shows  object  angular  change 
with  axle  th  difference  iron  translational 
velocity  vector  for  constant  alghtllne 
ranges  ol  10,  30  and  100  distance  units. 
Differences  between  the  sighlline  range 
carves  reflect  the  inverse  relaticnnhlp 
between  luge  angular  change  and  range, 
roc  s  constant  range,  tha  changes  ahown  are 
a  sine  function  of  tha  angular  difference 
from  the  velocity  vector,  these  functions 
have  xero  values  at  xero  and  180  degree 
angular  differences.  Snail  angular  differ¬ 
ences  froa  soro  and  180  degreas  could  be 
vertical,  lateral  or  any  combination,  but 
large  angular  dlffanucas  would  lava  to 
consist  mainly  of  a  directional  aximith 
component.  It  should  be  noted  the  width 
of  the  reduced  Chengs  ares  la  fairly  wide 
in  coeparlaen  to  the  40  degree  axinuth  field 
of  view  typical  of  night  vision  systems, 
indicated  by  tier  pair  of  dashed  vertical 
lines.  At  the  Wdge  of  such  a  sensor  for 
s  given  rsnge,  ivu<ge  angular  change  is 
only  34  percent  it  the  nar.iaun  change 
that  exists  in  direction*  perpendicular  to 
the  translational  voglor..  At  a  ta.ro  typical 
viewing  angle  of  1C  degirrea  froa  vector,  tha 
change  would  be  only  17  percent  of  eaxlsua. 

In  both  Figures  3  end  4,  the  powerful 
effect  on  angular  change  of  range  or  height 
Is  evident.  It  is  the  ouch  longer  ranges 
to  objects  seen  in  a  forward  view  Inage  that 
will  have  the  najor  adverse  effect  on  per¬ 
ceiving  angular  changes  reflecting  vehicle 
translational  changes.  For  axinuth,  the 
cost  severe  affects  of  tha  angular  offsets 


flM  the  irtnalstienal  vett tt  are  restricted  te  within  Just  a  few  degree*  of  the  vector.  Fifty  percent 
of  maxleos  change  «>l«u  at  30  degree*  offset,  and  10  percent  *t  *5  degree*.  Along  ib«  forward  terrain 
below  a  level  translational  vector  where  the  sine  squared  (unction  applies  (Figure  3),  angular  change 
ri*j»  exceptionally  >m11  in  eeaparlsiwi  to  It*  maxima*  in  lh«  devnvard  view,  until  appreciable  dim  angle 
exist*.  From  h.t  percent  of  swxlwss  at  U  degrees  dip.  It  reaches  2)  percent  of  maximum  *t  34  degree*, 
sail  SO  percent  at  IS  degree*  dip  aogU. 

Target  Aojjttloftleg.  Anrlea  ar.4  gltpcr*l<j>*..  Cw*etrl<  anglf*  and  dispersion*  In  location  «f  target*  and 
threat*  twice"  characteristic*  that  can  be  expected  to  hav«  anbatantUV  Influence  on  probabilities  of 
detection  an4  identification. 

tlcVJHog  Aagle*.  At  pap-af-lhe-earth  viewing  height*  of  *  feu  Mint  to  a  ftru  ten*  if  meters,  geo¬ 
metric  perspective  result*  In  eempresslM  in  elevation  angle  of  *H  objects,  from  a  feu  hundred  maur* 
on  out  to  the  herlten,  into  Just  several  degree*  of  viaoal  angle  directly  helou  the  ho risen,  for  example, 
by  multiplying  Table  1  diatance  ratio*  by  10  to  reflect  vieuln*  fro*  a  height  of  ten  meters,  it  it  found 
that  everything  «  a  flat  surface  from  l»l  eater*  to  the  horiton  fa)  !.<  within  Juat  three  degree*  of  the 
heriton.  Similarly,  everything  free*  SIS  eater*  to  the  horiton  will  .all  within  only  one  degree  of  the 
horiton.  Pu«  to  stw  relatively  long  range*  involved,  actual  terrain  relief  setden  will  lucres**  the*e 
angle*  by  nor*,  than  a  degree  or  two  for  couplers  elevation  coverage.  Due  to  terrain  flight  and  low  level 
profile*  uied  for  *urviV4l,  virtually  all  air-to-air  threat*  will  al*»  bo  found  in  thia  hand  or  in  a 
coaparahU  band  Juat  above  the  heritors. 

A  very  high  probability  oxime,  therefore,  that  nearly  all  target*  and  threat*  will  bo  located 
geometrically  in  elevation  angle  within  Juat  a  few  degree*  of  the  harlten.  Spreading  the  vertical  field 
of  view  above  or  helm*  lhe*e  fev  degree*  in  on  acquisition  *en*or,  will  only  reduce  acquisition  prob¬ 
abilities  through  corresponding  reduction*  in  resolution  in  the  few  degree*  at  the  horiton  where  target* 
and  threat*  are  located. 

Atlnuth  Angle*.  Geometric  location  of  target*  and  threat*  in  aslsuth  approaches  a  ceepletely  random 
dlmrUitiUon,  A  major  intent  of  tactic*  ia  to  reduce  the  uncertainty  In  axlmuth  of  target*  and  threat*, 
feldoa  is  this  uncertainty,  however,  reduced  to  lee*  than  a  SO  degree  quadrant.  Usually,  axlmuth  location 
uncertainty  for  target*  and  threat*  will  U  about  ISO  degree*,  and  often  it  will  be  close  to  360  degree* 
(«och  a*  in  deep  penetration*).  A  tactical  requirement  also  exist*  for  awarene**  of  location*  of  the 
element*  of  friendly  force*,  and  *uch  auarone**  will  normally  require  HO  degree  ns  tout  h  *en*or  coverage. 

A  lew  probability  oxiots,  therefore,  that  a  senior  with  narrow  field  of  view  in  scimuth  util  be 
pointed  at  only  one  moment  in  tine,  in  the  direction  required  for  detection  and  identification  of  targeta 
and  threats.  When  target*  and  threat*  are  oriented  in  almost  any  direction,  it  1*  not  likely  a  narrow 
field  of  view  sensor  will  be  looking  in  the  right  direction.  The  eneay  attenpt*  to  avoid  detection  and 
identification,  and  we  attempt  the  sane  thing,  through  exploitation  of  cover  and  concealment.  Doth  the 
eneay'*  and  our  own  efforti  result  in  clear  line  of  eight,  atarniia)  for  visual  detection  and  identifi¬ 
cation,  being  of  short  duretlon*  in  nose  tactical  engagement  nituation*.  Also,  many  of  the  none  signifi¬ 
cant  tactical  cue*,  such  a*  cuttle  flashes  froa  weapons  firing,  are  momentary.  The  momentary  and  short 
duration  of  tuny  of  the  cue*  required  tor  target  and  threat  detection  and  identification,  in  combination 
with  a  narrow  sensor  field  of  view  in  atlsuth,  will  result  in  low  probability  these  cues  will  he  detected. 

Poor  Visibility  Effect*.  A*  visual  range  attenuation  increases.  It  i*  evident  the  angle*  far  target 
acquisition  viewl.-g  must  shift  downward  to  shorter  ranges  where  image  centrist  1*  sufficient  for  discrim¬ 
inating  target*  froa  their  background.  A*  indicated  in  the  fourth  Tablo  1  colossi  of  terrain  distance  for 
aightllne  intersect,  however,  the  angular  shift  will  be  quit*  small  until  attenuation  bceusei  quite 
severe.  Tor  example,  to  center  a  sensor  on  2000  meters  viewing  range  at  10  meter*  viewing  height 
(multiply  table  value*  by  10}  would  require  less  than  0.3  degree  downward  shift  froa  rbe  horiton.  Five 
hundred  metere  would  require  only  one  degree,  230  motor*  only  2  degrees,  and  100  a*. nr*  only  i  degrees 
downward  shift. 

When  severe  visual  range  attenuation  to  tens  or  a  hundred  meter*  or  so  exists,  then  substantially 
larger  downlook  angles  will  be  required  for  highest  probability  of  target  detection.  Such  targets  will 
be  very  close,  and  blur  will  become  a  significant  factor  even  for  fairly  slow  speeds. 

Hacking  by  vegetation  and  nan-made  structures,  when  their  density  approaches  one  percent  or  aore  of 
the  terrain  on  an  are*  basis,  lapoae  a  different  fora  of  visual  range  attenuation  that  Is  very  similar 
In  effect  to  ataospheclc  range  attenuation.  Ac  terrain  flight  height*  these  object*  will  mask  all  but 
the  closer  targets  and  threats  If  their  dlitributlon  approaches  randoa  (}).  Consequently,  large  down- 
look  angles  stellar  to  those  for  severe  atmospheric  visual  range  attenuation  will  result  in  best  prob¬ 
ability  of  target/chreat  detection.  Uhen  terrain  vegclation/atructurea  masking  reaches  ten  percent  or 
more,  steep  down look  angle*  of  10  to  60/20  degross  will  often  give  best  detection  probabilities.  Ranges, 
of  courso,  will  be  very  short.  Although  distributions  approaching  random  are  cooaoo,  for  moat  terrain, 
distribution*  of  both  natural  and  oan-radt  Basking  object*  have  utetutle  characteristics.  Tactical 
vantage  paints  for  exploiting  these  systematic  characteristic*  can  increase  effective  visual  range 
significantly. 

DISCUSSION 

It  la  aaeentlal  to  look  forward  along  the  velocity  vector  to  avoid  obstacles.  However,  the  results 
illustrate  that  a  forverd  view,  geometrically,  la  an  exceptionally  uninformative  direction  to  look  for 
vehicle  state  flight  control  Information.  The  angular  uncertainty  resulting  froa  senior  hesd  slaving 
or  counting  compounds  the  difficulty  of  acquiring  good  flight  control  cues  froa  a  narrow  forward  view. 

The  rcaulte  indicate  a  downward  vide  angle/panoraaic  view  will  have  maximum  sensitivity  to,  and  clearly 
convey,  all  six  degrees  of  freedom  of  vehicle  motion.  These  results  suggest  Incorporating  a  downward 
view  should  have  potential  for  major  improvement*  in  flight  control  visual  discrimination!  in  nighc 
vision  ayateaa.  Such  a  view  would  also  astute  maximum  potential  la  poor  visibility  of  seeing  the 
terrain,  and  seeing  it  In  a  fora  that  could  be  used  effectively  for  flight  control. 


A*  visual  range  attenuation  Inctesses,  dcttsaslht  contrast,  itivict  the  probability  at  high  speed* 
that  obstacle*  re  the  velocity  verier  will  be  detected  at  sufficient  range  far  wU«m,  Ibcteftln* 
and  avoiding  obstacles  in  safe  flight  In  poor  visibility  appear  llkelr  to  remain  dependent  on  teeh- 
»lf«  f of  solutlre.  the  nap-of-tSte-varih  pilot’*  eptlrea  far  tbo  present  aw.  either  to  perform  a 
vertical  recovery  maneuver,  or  to  *tew  dtvn  to  speed*  allowing  obstacle  svoldsnce  far  detection  ratten 
In  the  existing  vlulblllty  conditions.  Th*  latter  require*  sufficient  terrain  vision  or  symbolic  toes 
to  assure  safe  flight  cretrol,  and  1*  tactically  preferable.  This  capability  should  be  enhanced  by 
designing  night  vision  *v* teas  with  characteristic*  that  exploit  live  better  terrain  vision  that  exlttr 
directly  below  the  heltcepm,  Viewing  In  ihl*  direction  also  should  substantially  enhance  eate  flight 
central  capability  when  rotor  dewnwash  near  a  hover  obliterate*  any  terrain  reference  In  a  forward 
viewing  large. 

the  complex  higher  cental  processes  required  ef  pilot*  r«r  flight  central  by  bath  the  Image  *s>A 
aynbalayy  ef  night  vision  system*  raise*  concern  over  the  allot*  el  the  extreme  peyrhalcgtcal  *u«.*x 
of  combat  on  flying  performance.  Using  the  Huge  appear*  la  require  cognitive  processes  known  to  he 
degraded  by  turn**.  1‘atng  the  symbology  require*  r.«n«r>-4»  .Hanncla  ef  Is*  btgher  Rental  pra.«aaing 
that  will  be  degraded  by  stress,  In  addition,  neat  of  the  symbology  has  fcr«  chatasterletie*  certain 
t«  degrade  perception  of  target*  and  obstacles  In  the  Image  neat  the  umbel*.  The  **.<«  effective  night 
vision  mvetens  will  avoid  dependence  on  «re**  degraded  complex  Rental  rt><e*»c*  in  l*w  cat*  they 
provide  far  bath  flying"  and  fighting  task*.  gyrbel  dealgn  and  location  can  be  4lwiv4  l«  stnlalae 
degradation  ef  perception  of  the  fore  cue*  characteristic  nl  target*  end  obstacles,  It  appear*  feasible 
to  design  night  vlaion  system*  using  the  above  principles  that  should  result  In  vv»}ey  leprt-vewnt*  under 
the  extreme  stress  of  combat,  tn  flying  safety  and  fighting  effect lvenesa,  Uplifted  vlastcn  rsysbllKy 
and  safety  In  poor  visibility  would  also  be  expected.  The  section*  below  provide  a  benatsl  outline  of 
cute  concept  for  Integrated  helicopter  night  vision  sysiea  design  that  reflect  those  principle*. 

Spun  and  Inforvatlon  Integration.  Several  factors  relevant  to  helicopter  operations.!  ta'fabitluea  tn 
poor  visibility  Have  been  separately  considered,  ttewevt-r.  a  helicopter  pilot  rvat  maintain  awareness  of 
ail  the  factors  relevant  to  fighting  effectiveness  and  flying  satuty  in  an  Integrated  runner.  Combining 
the  beat  poor  visibility  terrain  visual  cue*  with  the  beat  [light  control  cues  in  an  imtegmied  system 
Is  desirable,  and  appears  to  be  feasible.  extension  or  the  Information  Integration  Approach  to  entexpas* 
tactical  mission  aspects  Is  required.  Incorporation  of  visual  obstacle  detection  and  xvaldnnee  Infot- 
eation  is,  of  course,  essential. 

Host  pilot*  probably  use  *  cooptshenslve  mental  framework,  or  cognitive  "fra**  of  toforenca,"  la 
which  they  place  all  the  Infornatlcu  relevant  to  flying  and  fighting,  it  1*  likely  this  frame  of 
reference  will  natch'  that  Inherently  used  by  the  *p*<  Isl-notScm  visual  process,  r.xlstlng  night  vision 
system*  do  not  provide  a  display  with  such  a  comprehensive  frame  of  reference  cncoapaaslng  all  Hying  and 
fighting  cues  and  Infureatlen.  Instead,  they  provide  only  small  field  of  view  "snapshots"  e»  the  visual 
world,  and  force  the  pilot  to  ncntally  build  up  over  tin*  the  coetprebenslve  picture  of  the  terrain  and 
battlefield  he  require*  for  flying  safety  and  fighting  effectiveness.  Hits  leper**  substantial  cognitive 
workload  TO  the  pilot,  In  addition  to  hi*  Inage  and  syabology  Inlo.pretallun  woihload. 

It  would  be  most  desirable  fur  night  vision  systes  design  characteristic*  tu  provide  the  pilot  with 
all  the  Information  lt<  needs  for  both  flying  and  ."tghtlng  In  a  single  fully  Integrated,  or  in  a  tec 
highly  related,  display  format*.  The  display  format!*)  should  match  or  closely  conform  with  the  cogni¬ 
tive  "frame  uf  reference"  normally  adopted  by  pilot*  fur  battlefield  and  flight  control  spatial  awarettesa. 
the  downward  vertical  centered  aalmith-aUvatlon  polar  plot  (Onel  C  of  Figure  1)  used  in  ibis  report 
should  represent  a  close  approximation  to  this  normal  pilot  frase  of  reference.  Analyaex  of  rite 
ergonomic  characteristics  of  such  a  display  format  suggest  excellent  potential  for  Substantial  reduction* 
In  pilot  workload  and  errors  In  flying  with  night  vUlen  xyatena,  and  for  reducing  reaction  tines  for 
responding  to  tactical  cues.  The  natural  visual-motor  rhararterUilea  of  thla  kind  of  formal  should 
have  much  better  resistance  to  the  adverse  effects  on  performance  of  the  severe  psychological  stress  of 
combat,  and  of  the  stress  of  poor  visibility  during  terrain  flight.  Suth  a  format  would  acrytfaodau 
direct  incorporation  of  the  clearest  visual  terrain  cue*  for  flight  In  poor  visibility. 

Integrated  faor  _VlalbllHy  Plapiay  Concept.  The  display  caneept  outlined  below  is  based  on  tins  precise 
that  scruorY  and  dlVpUy*  stioui'd  provfda  pilots  with  lha  best  visual  cue*  technology  can  provide  for 
flying  and  fighting  tasks.  It  assumes  Independent  sensors  each  designed  to  provide  the  beat  visual  cues 
needed  for  flying  and  fighting  task*,  rather  than  a  compromise  single  sensor  for  providing  all  required 
cues.  These  separate  aenaora  should  provide  redundancy  desirable  from  a  system  reliability  standpoint, 
and  would  not  necessarily  Increase  complexity  and  cost  since  each  could  be  relatively  simple  In  design. 

A  combination  of  both  panel  and  helmet  mounted  displays  would  bo  used  similar  to  that  now  used  in  the 
All-M.  However,  the  panel  display  would  be  primary  for  flight  control  md  target  acquisition,  end  the 
helmet  display  primarily  for  weapons  aiming  and  obstacle  clearance. 

Sensors,  three  different  sensors  sre  required  to  convey  to  pilots  tne  best  visual  cues  they  need 
lor  Their  flying  and  fighting  tstksi 

(l)  The  first  is  a  downward  pointing  panatomlc  tensor  fixed  to  the  airframe  that  vould  convey  the 
primary  cues  for  flight  control.  It  should  be  located  beneath  the  he 1 - copter  and  near  lm  center  of 
rotation.  It  could  use  refractive  "fitheye"  lens  optics,  but  primarily  reflective  optics  appear  to 
have  advantages.  A  center  opening  in  the  reflectors  vould  be  used  to  provide  magnificstlon  near  i 
to  l  directly  below,  A  largo  optical  aperture  focusing  on  an  image  intenslfier  la  envisioned,  with 
intensifies  output  Imaged  by  a  video  camera.  This  senior  has  minlnnl  resolution  requirements;  it 
Just  needs  to  convey  motions,  and  the  objecto  it  images  will  usually  cover  large  visual  angles.  The 
display  of  this  sensor  requires  a  vertical  reference  (attitude)  symbol  for  maximum  sensitivity  to 
vehicle  translational  state  changes.  This  sensor  will  assure  maxima  probability  in  poor  visibility 
of  Imaging  effective  terrain  cues  for  flight  control. 


(1)  Th«  »«cend  *«n*or  it  slaved  to  lh«  vehicle  velocity  vector  for  t he  primary  purposi  of  t&stacl* 
delsction,  and  would  no  null/  lie  oriented  in  the  forward  direction.  U  wuli  Hive  two  tn  five  fever 
magnification,  end  preferably  ehouU  cos&Im  both  inn*  inten>ifi«r  and  far  Infrared  imaging  technologic*. 
An  alternate  application  for  thle  uneor  veuld  be  to  couple  it  with  the  filet'*  helmet  for  wee  in  weapon 
alolns,  crew  coordination  and  clo>*-in  target  acquisition. 

())  the  third  would  be  a  high  resolution  lent  rant*  tercet  *tqui*ltten  aenaor  providing  continuous 
HO  degree  a  can  of  the  target-rich  area  at  tb*  horiton,  to  which  it  would  be  elaved.  It  would  provide 
updating  at  10  to  ICO  tloea  per  aecend  for  each  direction  to  nature  tanging  of  thott  duration  end 
momentary  cue*.  Trecento:*  end  display*  for  totting  and  conveying  to  the  pilot  the  relevant  cue*  and 
information  (ten  tlx  tremendous  Mount  of  viaual  content  contained  in  euch  «  tenter  will  be  a  challenge, 
but  sbeuld  be  featible  with  eserglng  technology. 


e.  Panel  Oltplay 


b.  Ilelact  Oltplay 


figure  5.  Display  concept  laige  area*,  great  labeled  A  ere  the  downward  panoraalc  image,  with  Al 
(.fee  1  to  l  magnification  inset,  AJ  the  terrain  iron  below  to  tho  horlion,  and  AS  the  iky  above  the 
horieon.  Area  S  la  tho  obstacle  evoidtnee  Image.  Area  Cl  1*  the  high  ro*olution  lioriron  *cannlng 
target  acquisition  aerate*,  and  Cl  area*  are  area  of  inureot  outlet*  of  thi*  renter. 


fonef  Display.  Figure  in  illurtrate*  the  panel  dlaplay  concept  in  teraa  of  vlaual  area*.  At  the 
center  ofthe  lover  section  would  be  the  downward  panoraalc  senior  that  would  provide  a  fiahoye  type  of 
inag*  cosslalns  JtelnuCb  ar:4  elevation  angle*  (A),  Vertical  downward  would  be  at  It*  center,  and  it* 
cdsce  at  10  to  10  degfeea  above  tlx  horiton.  A  111  signification  inact  (Al)  at  the  center  of  thi*  aree 
will  be  used  for  a  variety  et  ergonomic  and  information  requireaent  rcaaone. 

Surrounding  tbs  oilier  downward  panoraalc  view,  would  be  an  outer  ring  (Cl)  for  displaying  the  high 
resolution  long  range  Parsec  acquisition  *en*or  imagery,  Thi*  ring  would  be  dlaplayed  at  the  panel  with 
elevation  aagnifitetiwi.  AC  the  eye  this  would  probably  result  in  a  2  to  J  factor  oagnlflcailon  in 
elevation,  eiri  about  *  4. factor  deification  in  aiiauth— a  very  eubitantial  aiiaatch  in  magnification*. 
Nevertheless,  It  !v  believed  valid  reason*  exile  for  cwtinuomly  Imaging  the  entire  horizon,  and  that 
pilots  could  adapt  to  it  quickly  without  tlgnlUcoat  probieaa.  It  I*  anticipated  high  magnification 
outeets  (C2)  with  xatchod  eievstiol  and  azlisuth  iwguitieatinn*  would  be  used  for  detailed  viewing  of 
cuspcct  location*,  these  outset*  could  be  iefioed  autvsstioally  by  smart  senior*,  or  (elected  manually 
by  the  crew,  Thevu  outset*  could  bo  provided  in  alternative  locations  and  orientations,  as  long  as 
their  azleuth  and  elevation  location  was  evident,  theae  alternative  location*  for  the  outset*  could  be 
on  the  ring  itself,  iodide  it,  or  outside  at  the  eoniers. 

Tho  obstacle  detection  is*g«  would  bo  displayed  at  the  cop  of  the  outer  ring.  It  would  provide 
clear  Indication  of  the  velocity  Vegtop  cither  through  centering  on  it,  or  by  an  array  of  symbols  that 
would  flow  out  ltoa.it, 

lielnat  Display.  The  helmet  dliplsy  is  envisioned  to  eonsl*t  ol  three  vertical  layers  in  a  format 
with  the  long  d'.Eenblon  oriented  vortical.  The  top  layer  would  ccnalat  of  aiming  and  target  acquisition 
ia*gery  (C).  The.niddle  layer  would  consist  of  the  obstacle  detection  sensor  Image  slaved  to  the 
velocity  vector  (B),  Tiie  lower  L syer  would  con»i»c  of  a  sonll  replica  of  the  downuerd  panoramic  aeneor 
panel  display  (A).  Any  of  the  lasers  could  be  shifted  to  the  other  levels  in  accord  with  ta»k  demands, 
i»  well  aa  the  magnification*  used  for  each. 
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SUMMARY 

This  paper  discusses  the  assessment  of  visibility  and  hence  runway  visual  range 
through  the  passive  and  automatic  measurement  or  contrast  reduction  In  a  dark  target* 
Though  limited  to  use  from  dawn  through  to  dusk  the  method  offers  significant 
advantages  over  the  more  usual  transmission,  or  scattering  approaches.  The  advantages 
arise  not  only  from  the  measurement  process  which  is  Intrinsically  more  robust  than 
that  of  the  transmlsaometcr,  but  also  from  the  ratlonetrlc  manner  In  which  It  can  be 
Implemented.  The  result  jLo  a  self-compensating  system  which  virtually  abolishes  any 
requirement  for  temperature  and  long  term  stability  In  the  Instrument.  Unlike 
conventional  aeatter-netc.-s  the  method  may  be  used  under  a  wide  range  of  obscuring 
conditions  without  doubts  In  respeot  of  its  constancy  of  sensitivity. 

Initial  comparisons  with  a  human  observer  have  both  produced  good  agreement  and 
confirmed  theoretical  expectations  of  behaviour. 

To  overcome  the  night-time  deficiency,  suggestions  arc  made  ror  ways  In  which 
conventional  measurements  might  bo  Integrated  into  the  system.  The  relaxation  In 
design  that  would  result  from  night-time  only  operation  show  this  to  be  both  a 
praotleal  and  economic  alternative. 

1  INTRODUCTION 

The  regulation  of  aireraft  landings  In  reduced  visibility  conditions  requires 
that  an  assessment  be  made  of  the  visual  range  on  the  runway  In  order  to  ensure  that 
adequate  visual  cues  are  available  to  permit  a  safe  operation.  There  are  2  basic 
methods  for  assessing  the  Runway  Visual  Range  (RVR).  A  human  observer  can  gauge  either 
directly,  or  lndlreotly  through  a  TV  camera  the  greatest  range  along  the  runway  at 
which  the  runway  lights,  or  markings  son  be  seen.  The  alternative  method  utlllaea 
automatic  instruments  to  eosoee  atmoopherle  transparency  as  one  or  the  parameters  from 
which  the  performance  of  the  visual  aids  and  ouca  ean  be  modelled.  Doth  approaches  are 
not  without  their  problems  but  automatic  lnstrunonto  have  an  attraotlon  for  the 
operator,  lr<  terms  of  their  round-the-clook  availability  and  vigilance.  World  wide, 
there  are  perhaps  In  exeeaa  of  a  Uosen  different  typea  or  inatrumenta  used  for  RVR 
assessment,  so  why  Invent  "a  bettor  mouse-trap"?  Ideally,  such  instruments  should  be 
simple  In  design  as  well  os  construction  and  with  a  low  cost  of  ownership  In  terms  of 
capital  expenditure  and  maintenance.  In  addition,  they  nhould  make  measurements  which 
are  both  accurate,  reliable  and  robust.  In  practice,  all  thcae  goala  are  rarely 
achieved  In  a  single  Instrument. 

This  paper  deserlbea  tho  roaulta  of  an  Investigation  Into  a  method  of 
aeraurement  which  goea  some  way  to  achieving  these  goala  under  daytime  conditions.  It 
utilises  an  instrumental  assessment  of  the  reduction  of  contrast  In  a  dark  target,  and 
suggeata  possible  complementary  methods  for  night-time  use. 

2  HETHODS  FOR  THE  ASSESSMENT  OF  RUNWAY  VISUM.  RANOE 

2.1  Human  assessment 

The  funu  'ntal  method  of  asseoslng  tho  Runway  Visual  Range  relies  on  a  human 
observer  estlmat  g  tho  nuabor  of  runway  eentrollne,  or  odge  lights  which  are  visible 
Trora  a  position  on  tne  runway  centreline  adjacent  to  tho  touch-down  point.  Such 
observatlono,  when  taken  from  an  appropriate  height,  are  aa  clone  to  the  eltuatlon 
experienced  by  a  pilot  as  con  bo  achieved.  Even  so,  the  observations  oannot 
necessarily  mutch  the  eye  adaption  and  dynamic  viewing  conditions  experienced  by  a 
pilot.  Further,  at  busy  airports,  the  observations  must  of  necessity  oe  made  from 
outside  the  confines  of  the  runway. 

2.2  Automatic  instrumental  assessment 


Automatic  visibility  Instruments  aro  generally  designed  to  provide  round  the 
clock  assessment  of  atmospheric  transmissivity,  or  extinction  coefficient.  They  do  not 
In  general  produce  a  direct  measure  of  the  visibility  or  the  visual  range  of  lights. 
These  are  obtained  by  calculation  and,  In  the  case  of  RVR,  require  measurements  or 
assumptions  of  other  parameters. 

The  calculation  of  tho  visual  range  of  lights  is  normally  achieved  through  the 
application  of  Allard's  Law?  which  lnpllee  knowledge  both  of  the  effective  source 
Intensity  and  the  eye  Illuminance  threshold.  This  latter  is  not  directly  measurable 
and  lc  usually  assessed  through  a  measure  of  background  luminance,  either  by  a 
subjective  aesessment  (io  day,  night,  twilight),  or  by  a  photometric  measurement  made 
adjacent  to  the  runway.  Thla  data  la  then  used  to  deduce  the  appropriate  value  of  eye 
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illumination  threshold  through  an  asauacd  relationship.  The  method  nay  be  subject  to 
significant  errors,  nevertheless  a  useful  assessment  can  be  nade  where  the  visual  range 
of  the  lights  is  substantially  greater  than  the  visibility. 

Gy  comparison  a  good  assessment  of  the  visual  range  of  runway  markings  la  far 
more  difficult  to  achieve,  due  to  the  complex  nature  of  the  visual  seene.  In  this  case 
recourse  Is  usually  nade  to  Koaehnclder's  Law*  which  can  be  uaed  to  relate  the 
reduction  in  target  contrast  to  meteorological  visibility.  In  these  circumstances  It 
la  however,  usual  to  employ  a  fixed  value  for  the  threohold  eye  contract  ratio.  Thia 
appreaeh  would  be  expected  to  give  a  good  assessment  of  the  visibility  of  an  Idealised 
dark  target  against  a  fog  background,  but  la  quite  Inadequate  In  describing  the 
vlaibiilty  of  markings  of  undetermined  contrast  viewed  against  a  runway  aurfaee. 

3  INSTRUMENTAL  TECHNIQUES 

3.1  Tranaalaaonetore 


One  type  of  lnatruaent  which  la  frequently  uaed  for  the  assessment  of 
visibility,  or  visual  range  Is  the  transulasoaeter.  In  ite  moat  rudimentary  form  this 
eonalsta  of  a  searchlight  producing  a  narrow  beam  of  light  which  la  aimed  at  a 
telephotometer  some  distance  away.  This  In  turn  hss  a  narrow  field  of  view  and  la 
aimed  at  the  searchlight.  The  fog,  or  other  obscuring  media  hss  the  effect  of  reducing 
the  amount  or  light  from  the  searchlight  arriving  at  the  photometer.  A  good  example  of 
such  Is  the  transniaaosetor  of  Dougina  and  Young*. 

The  behaviour  of  the  transalssoaeter  can  be  adequately  deaerlbed  by 
Oouger'a  Law!,  ^nia  Law  asaumca,  however,  that  light  onoe  scattered  from  the  beam 
plays  no  further  part  in  the  measurement.  This  then  la  one  potential  aouree  or  error. 

A  further  type  of  error  nay  be  Induced  by  changes  in  the  ambient  light  level,  causing 
the  detector's  working  point  to  change  and  thua  interact  with  any  non-llnaarlty.  In 
practice  moat  designs  attempt  to  eliminate  the  effecta  of  the  natural  light  field. 

In  vlaibiilty  terms  the  output  characteristic  of  a  transalssoaeter  will  be 
logarithmic  (Hi g  1).  The  aensltlvlty  to  error  In  vlaibiilty  may  be  aeon  to  be  a 
function  of  tranamloalon  and  to  lnereaae  with  vlaibiilty  as  the  alope  or  the 
characterlatlca  reduces.  The  same  la  also  true,  to  a  lesser  degree,  at  low 
viatbilltlea  where  the  ncaaurement  value  approaches  any  aero  offset,  or  noloc  level. 

As  a  consequence  there  are  llolta  to  the  useful  measurement  range  for  any  single  path 
length,  apart  from  any  llmltatlona  In  the  electronic  or  optical  engineering  of  the 
equipment.  Any  restriction  in  dynamic  range  can  to  acme  extent  be  overcome  by  either 
utlllalng  high  accuracy  neaaurementa  with  a  ahorter  path,  or  by  changing  its  length  to 
autt  the  prevailing  condltlono.  Vfhere  long  patha  are  employed  a  further  problem  which 
will  be  encountered  la  that  of  scintillation  of  the  source  due  to  atmospheric 
turbulence.  This  phenomenon  is  not  generally  algnlflcant  during  the  foggy  conditions 
which  It  la  dealred  to  measure,  but  rather  In  the  clear  conditions  which  are  necessary 
to  the  periodic  calibration  of  the  instrument.  Analysis  suggests  that  the  minimum 
error  tenda  to  occur  at  372  tranamloalon  and  that  the  optimum  path  length  will 
therefore  bo  one  third  of  the  algnlflcant  meteorological  optical  range. 

One  practical  aspect  of  transmlssoneter  design  is  the  need  for  a  periodic 
calibration.  Thia  requlrca  that  a  measurement  be  made  of  the  transmission  value  In 
clear  air.  Thia  la  then  used  over  a  period  (of  up  to  some  days)  as  the  refere.ee  for 
the  readlnga  In  fog.  This  need  for  long  term  stability  has  a  algnlflcant  Impact  on  the 
atandard  of  dealgn  and  engineering  which  la  required. 

3.2  Scatter  cetera 


Another  type  of  instrument  used  In  vlaibiilty  assessment  le  the  scatter  meter. 
These  fall  Into  2  broad  classes  which  may  be  termed  polar  and  Integrating.  In  the 
polar  type,  a  narrow  beam  of  light  la  used  to  illuminate  a  small  volume  of  fog,  the 
light  scattered  from  this  being  measured  at  a  particular  angle,  or  ovor  a  range  of 
angles'1.  Typically,  these  angles  pay  range  from  20*  to  50*  in  the  forward  direction, 
or  to  approximately  180*  in  the  backward  direction.  This  scattered  component  can  then 
be  related  to  the  volume  scattering  function  and  In  turn  to  the  visibility.  In  this 
case  It  la  essential  to  choose  the  scattering  angle  to  minimise  the  sensitivity  of  the 
measurements  to  any  changes  in  the  site  distribution  of  the  fog  droplets.  In  the 
Integrating  scatter  meter  an  attempt  Is  made  to  assess  the  volume  scattering  function 
by  measuring  components  of  the  scattered  light  over  tho  full  range  of  0*  to  160*.  In 
principle  this  ought  to  eliminate  any  aensltlvlty  to  changes  In  droplet  size 
distribution.  The  configuration  of  the  instrument  is  such  that  a  distributed  volume  of 
fog  Is  illuminated  over  a  wide  range  of  angles  by  a  discrete  diffusing  source,  and  then 
viewed  parallel  to  tho  surface  of  the  diffuser5. 

Scatter  metera  normally  have  the  advantage  of  a  compact  single  unit 
construction.  This  enables  the  relatively  easy  monitoring  of  the  intensity  of  the 
source,  compared  with  the  caae  of  a  transmlssoneter  where  the  2  head  units  msy  be 
separated  by  some  tens  of  meters.  A  further  advantage  is  obtained  due  to  their  linear 
response  to  the  volume  scattering  coefficient.  Consequently  the  error  sensitivity  at 
long  visibilities  might  be  expected  to  be  less  than  that  for  a  transmlssoneter 
operating  to  the  same  level  of  measurement  accuracy.  Experience  however,  shows  that 
the  advantages  nay  be  more  than  outweighed  by  residual  sensitivity  to  variation  in  the 
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droplat  jUc  distribution,  or  by  aerodynamic  modification  cither  of  the  droplets 
themselves,  or  through  their  selective  presentation  at  the  sampling  volume.  This 
underlines  the  necessity  to  expese  sensors  to  a  variety  of  conditions,  or  to  have 
available  scans  or  oedeUlng  their  response. 

A  further  difficulty  encountered  with  scatter  aeters  is  that  of  achieving  a 
sensitivity  calibration.  Since  in  these  Instruments  an  infinite  visibility  produoeo  a 
sero  output  this  cannot  be  used  for  sensitivity  scaling  as  is  the  case  with  the 
transmlasometer.  To  overcome  thia  problem  it  la  necessary  to  use  an  artificial 
scattering  volume  which  reproduces  a  dense  fog.  The  angular  scattering  characteristics 
of  this  however,  are  unlikely  to  natch  thoee  of  a  real  Tog,  so  that  It  is  not  possible 
to  provide  an  absolute  calibration.  Thus,  unlike  the  transmlasometer  where,  given  a 
basically  sound  engineering  design,  the  error  model  goee  a  long  way  towards  describing 
the  behaviour  of  the  instrument,  this  is  not  true  of  scatter  meters  where  sampling 
errors  are  likely  to  predominate. 

3.3  TV  systems 


Until  recently  the  only  known  example  of  an  operational  TV  syatem  was  used  as  a 
means  of  obtaining  the  remote  assessment  of  RVR  lights  by  a  human  observer4.  It  is 
understood  however,  that  this  has  now  been  superceded  by  a  system  whieh  makes 
essentially  the  same  measurements  with  a  non-imaging  sensor7.  In  principle  the  video 
waveform  of  a  ecene  ean  be  analysed  to  extract  Information  on  the  contract  from  either 
natural,  or  man  made  objects  in  the  scene  and  to  use  this  to  determine  visibility  and 
of  course  RVR* .  The  contrast  of  an  object  however,  depends  greatly  on  the  way  in  which 
it  and  its  background  are  lit.  It  is  also  dependent  on  the  nature  of  the  eurfacee 
involved  and,  for  instance  on  the  extent  to  which  they  are  wet  or  dry.  Thcee  factors 
suggest  practical  difficulties  in  the  Implementation  of  such  a  technique. 

The  essential  lews  governing  the  apparent  contrast  or  objects,  or  lights  are 
those  of  XOBChmelder  and  Allard1.  In  the  ease  or  TV  systems  however,  the  design  and 
performance  of  the  camera  will  provide  a  major  component  in  the  error  budget. 

3.  A  Contrast  reduction  meters 


Another  means  of  assessing  the  visibility  in  daylight,  which  is  the  main  subjeot 
of  this  paper,  is  to  measure  the  amount  of  ambient  Illumination  which  la  scattered  into 
the  sight  line  or  a  human  eye,  or  imaging  detector.  This  is  the  mechanism  by  which  the 
apparent  contrast  of  a  dark  object  is  reduced  in  fog. 

Automatic  contraot  meters  are  not  seen  in  general  operational  service,  though 
visual  Instruments  such  as  the  ED  Instruments  Visibility  meter  (a  form  of  flicker 
photometer),  end  the  QEC  Disappearance  Range  Gauge  (based  on  Waldram's  design),  have 
been  produced.  A  suitable  model  to  describe  the  behaviour  of  such  a  contrast  meter  is 
Koschmelder'a  Law.  As  with  the  transmlasometer  this  model  gives  a  fairly  good 
description  of  the  measurement  technique,  though  unlike  the  transmlasometer  the 
measurement  includes  variations  In  both  the  spatial  and  dlreetlonal  components  of  the 
ambient  light  field.  Like  the  cranamlsaometor  It  would  have  the  same  logarithmic 
response  (Fig  1)  and  as  a  consequence  would  bo  expected  to  oboy  the  same  error 
sensitivity  runetion.  There  la  however,  sn  Inherent  advantage  in  the  way  in  which 
these  contrast  measurements  arc  made.  This  can  be  best  illustrated  by  considering  the 
assessment  of  a  visibility  which  is  many  tines  longer  than  the  measurement  path.  For  a 
transmlsaoaeter  the  transmission  factor  would  be  calculated  from  the  ratio  of  2  values 
which  are  similar  In  magnitude,  whereas  contrast  (the  analogous  parameter  for  a 
contrast  meter)  would  be  calculated  from  the  ratio  of  greatly  differing  values.  To 
demonstrate  this,  the  errors  Tor  both  typos  of  instrument  have  been  calculated  in  terms 
of  the  Koteorologleal  Optical  Range  (MOR)  (range  for  5 1  transmission)  for  the  sane 
conditions  (Fig  2).  It  can  be  seen  immediately,  that  there  are  significant  potential 
benefits  from  the  contrast  method,  since  the  rate  of  increase  in  error  with  visibility 
is  about  half  that  for  the  transmissomoter.  The  break  even  point  in  this  example  being 
at  a  visibility  which  is  about  5  times  the  base-line.  Even  at  the  lowest  ranges  the 
transmlasometer  is  not  as  good  as  would  appear  from  the  figure,  since  the  effect  of 
sero,  or  offset  errors  would  cause  the  error  In  visibility  to  increase  at  low 
transmission  values  rather  than  to  diminish  to  sero.  A  further  benefit  to  the  contrast 
system  lies  in  the  fact  that  the  measurements  arc  used  in  a  ratlomotrlc  manner.  Thus, 
even  though  s  clear  air  calibration  value  is  required  to  establish  the  contrast  datum 
for  the  target,  It  is  formed  from  a  ratio  or  readings  taken  over  a  short  time  interval. 
This  means  that  unlike  the  transmlasometer,  drift  in  the  contrast  system  over  the 
medium  to  long  tern  (ie  minutes  to  days)  is  of  no  consequence. 

3.S.1  Dark  target  design 

It  might  be  though  that  in  the  ideal  situation  a  dark  target  should  have  a 
negligible  refleotance.  This  is  by  no  means  essential  however,  if  the  system 
parameters  are  sensibly  optimised.  Consider  the  case  where  the  calibrating  MOR  la 
numerically  100  times  the  instrument  baeeline  length  and  the  photometric  accuracy  of 
instrument  ia  II.  Using  these  figures  error  curvos  can  be  plotted  for  various  values 
of  Intrinsic  target  contrast  (Fig  3).  In  the  case  of  an  MOR  for  assessment  which  is  30 
times  the  baseline  and  a  target  whose  reflectance  is  0.11  then  the  error  in  MOR  is  some 
61.  Should  however,  the  reflectance  be  degraded  to  3?  the  rise  in  error  is  only  11. 
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In  order  to  minimise  deterioration  and  speeular  reflections  It  la  teat  that  the 
dark  target  be  cnaloaed.  One  means  or  achieving  thla  la  to  uae  a one  kind  or  boa  with 
and  aperture  in  one  aide  to  allow  viewing*  Care,  la  or  eourae,  needed  In  order  to 
avoid  providing  a  perch,  or  neat  box  ror  furred,  or  feathered  creatures,  the  choice  of 
material  for  the  dark  target  depends  on  Its  degree  of  exposure  to  the  elenenta.  the 
apparent  contrast  of  the  target  stay  In  practice  appear  greater  than  lta  Intrinsic 
reflectance  would  indicate,  thla  la  due  to  the  reatrlotlng  effect  of  the  viewing 
aperture  and  the  reflective  loaaea  within  the  box. 

3. q.2  Bark  target  photometry 

The  measurement  of  the  lumlnanee  of  a  dark  target  la  not  aa  atralght  forward  as 
night  be  thought  due  to  lena  flare,  though  the  main  part  of  the  tenser' a  response  nay 
be  arranged  to  He  within  the  dimensions  of  the  dark  target,  any  residual  response 
outside  of  this  will  respond  to  the  background* .  Consider  for  Instance,  an  unhooded 
camera  lens.  Vhlle  the  angular  response  of  the  sensor  outside  of  the  target  may  be 
small,  the  aolld  angle  exposed  to  the  background  Is  large.  Dy  comparison,  though  the 
axial  response  of  the  sensor  will  be  very  much  greater,  the  solid  angle  la  small  and 
the  luminance  of  the  target  la  leas  than  that  or  the  background  by  perhaps  a  factor 
of  100.  Of  course  when  the  target  la  bright  in  comparison  to  the  background  this 
effect  is  leas  significant.  In  practice  the  effect  is  not  disastrous,  but  makes  the 
measurement  of  low  reflectance  targets  more  difficult  and  points  to  the  need  for 
careful  choice  of  optles. 

a  Held  evaluation  of  contrast  system 

S.l  Experimental  sensor 

the  Instrument  used  in  our  research  to  make  the  measurements  was  manufactured 
specially  for  the  purpose  by  Aeronautical  and  general  Instruments  (AOI)  under  contract 
to  the  UK  Civil  Aviation  Authority.  In  essence  It  takes  the  form  of  a  camera  with  an 
optical  fibre  pick-off  In  the  Image  plane  which  Is  capable  of  being  positioned  anywhere 
In  the  picture  format  (Pig  *).  The  position  of  this  fibre  within  the  'picture'  la 
controlled  by  2  lead  screws  at  right  angles  which  arc  driven  by  stepper  motors.  The 
resolution  of  this  notion  Is  0.01  ea.  this  when  coupled  with  a  100  cm  focal  length 
lens,  gives  an  angular  resolution  of  0.3**  minutes  or  are,  or  1  milll-radlan.  the 
total  range  of  60  mm  in  each  axis  Is  equivalent  to  32*,  or  0-56  radian,  the  Immediate 
field  or  view  la  defined  by  means  of  a  small  pinhole  aperture  fitted  to  the  end  or  the 
optical  ribro  and  la  1.9  minutes  of  are,  or  5.$  ailll-radlana  In  radlua.  Tito 
photodeteetor  la  a  Peltier  cooled  and  stabilised  photomultiplier  tube  operated 
at  -20*0,  with  a  moaaurable  output  current  over  the  range  101-9  to  101-5  anpa.  In 
operation  the  working  range  of  the  tube  Is  normally  constrained  to  Ho  botvocn  101-7 
and  101-5  amps.  Thla  compression  la  achieved  through  the  uae  of  aoleotable  neutral 
density  filters.  Inserted  between  the  optical  fibre  and  the  photodeteetor.  One  of  the 
filter  positions  in  fact  selects  a  blanking  plate  which  can  be  used  to  protoot  the 
detector  from  exposure  to  excessive  light  levels  and  also  allows  any  dark  current  to  be 
monitored.  In  practice  this  la  normally  well  below  the  101-9  sops  of  the  lowest  point 
on  acalo,  but  la  a  useful  Indicator  of  failure  of  the  Peltier  cooler,  or  an  inadequate 
warm-up  period. 

*•2  Dark  target  details 


The  prototype  target  used  Tor  these  trials  consisted  of  a  wooden  box  0.75  a  high 
by  1.0  m  wide  and  1.25  a  deep,  painted  matt  black  on  the  inside.  At  the  end  facing  the 
instrument  was  a  hole  of  0.3  m  diameter  which  was  viewed  by  the  telephotomotor  from  a 
di  tance  of  100  m.  This  primitive  model  was  used  throughout  the  trials,  though  Its 
deficiencies  later  prompted  the  design  and  manufacture  of  an  Improved  model. 

a. 3  Method  for  contrast  measurements 


The  layout  of  the  trials  site  as  seen  from  behind  the  sensor  and  looking  towards 
the  dark  target  Is  shown  In  Pig  5* 

Essentially  the  method  of  operation  was  first  to  measure  the  sky  background  a 
little  to  the  aide  of  the  target,  then  the  targot  Itself  and  finally  to  repeat  the 
first  measurement.  The  first  sky  ccssurement  was  solely  used  to  establish  tho  optimum 
sensitivity  range  for  the  instrument,  the  second  being  to  establish  the  contrast.  In 
practice  the  eo-ordlnatea  used  for  positioning  by  the  computer  were  obtained  by  vlaual 
observation  through  a  sighting  graticule  in  the  instrument.  In  order  to  ninioioe  the 
effects  of  any  change  in  alignment  the  sensor  was  always  Aimed  at  tho  middle  of  the 
target,  though  In  practice  this  was  rarely  found  to  vary  by  mare  than  1  or  2  steps 
(mllH-rsdlans),  binding  the  eenter  of  tho  target  (with  a  non-imaging  system)  was 
tedious  in  the  extreme  and  was  generally  accomplished  by  means  of  a  specially  developed 
centring  routine  In  the  control  computer.  In  general,  measurement  oyoles  included  both 
differing  types  of  br  tground,  as  wall  as  of  the  dark  target.  In  addition  on  some 
occasions  a  distant  *_ap  was  Included  which  could  be  controlled  by  the  computer.  A 
further  feature  of  the  system  was  to  enable  a  point  In  tho  cycle  to  be  synchronised  to 
a  particular  tine  (le  on  the  minute,  half  minute  etc).  This  was  Intended  to  reduce 
timing  uncertainty  and  skew  when  making  comparison  with  other  measurements,  or 
observations . 
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The  basic  asauaptlon  made  In  the  assessment  or  contrast,  Is  that  it  is 
unaffected  by  absolute  light  levels  over  the  normal  operating  range  of  the  equipment. 
This  was  demonstrated  by  comparing  the  luminance  of  the  target  and  a  local  background 
ovor  the  dawn  period  on  a  day  when  the  sky  was  overcast,  but  the  visibility  was  good. 

A  correlation  of  0.975  was  achieved  for  log  luminance  over  some  3  decades.  This  was 
very  good  considering  the  mismatch  between  the  path  to  the  dark  target  and  that  to  the 
point  of  visual  equilibrium  for  the  background. 

S. q  Calibration  of  target  Intrinsic  contrast 

As  previously  discussed  the  contrast  reduction  meter  needs  to  be  calibrated  at  a 
time  when  the  visibility  Is  substantially  In  excess  of  the  required  operating  range. 
This  procedure  enablea  the  influence  or  errors  in  the  calibration  to  be  significantly 
reduced  when  applied  to  the  nominal  operating  range.  In  principle,  a  calibrating  KOR 
which  la  $0  times  the  baseline  and  has  an  error  of  20$  has  the  came  effectiveness  aa 
one  which  la  25  times  the  baseline  and  has  an  error  or  101.  The  problem  le  one  or  the 
choice  of  a  representative  background  and  the  perfermance  of  (she  target  rather  than  of 
Instrumental  stability.  Consider  the  situation  where  the  visibility  may  be  some  30  or 
more  kilometres,  but  where  the  dark  target  is  situated  at  e  quite  modest  distance  of 

a  few  tens  to  several  hundreds  of  metres.  Aa  a  conuequenc  the  illumination  of  the  air 
path  to  the  point  of  vieual  equilibrium  in  the  background  may  vary  quite  eonalderably 
rrom  that  to  the  target.  For  example,  the  conditions  overhead  the  instrument  may  be 
overcast,  while  the  background  may  eonalst  of  sunlit  clouds. 

An  alternative  form  of  background  which  was  tried  was  a  matt  white  board  placed 
In  proximity  to  the  target.  It  la  readily  aeon  however,  that  when  considering  a 
strongly  anlao-troplc  light  field  in  relatively  good  visibility  the  illumination  at  the 
board  may  be  far  from  repreeentatlve  of  that  at  the  dark  target,  or  the  intervening  air 
path.  In  particular,  whore  a  simple  board  la  concerned  there  appears  to  be  no  way  of 
achieving  a  non-apeeular  response. 

An  expedient  which  was  employed  In  order  to  got  the  system  calibrated  end  to 
overcome  the  shortcomings  of  elear  air  eallbration  was  to  utlllao  a  period  of  good 
uniform  overcast  conditions  In  moderate  visibility.  On  a  particular  occasion  the  local 
meteorological  office  reported  a  •  ustbillty  of  3700  m  with  good  precision  for  3  hours 
In  sueeesalon.  The  analysis  'f  vh<-  target  and  background  data  from  the  sensor 
confirmed  the  stability  of  the  conditions  nnd  gave  a  mean  reflectance  or  0.108S  for  the 
Instrument.  This  roaulted  In  «  intrinsic  contrast  for  the  target  or  -0.991 

after  allowance  waa  made  for  an  iJ-iW'  obaerver'o  contrast  threshold  of  21. 

An  alternative  calibration  background  which  was  Investigated  waa  the  use  of  an 
Integrator  placed  In  the  vleirlt/  of  the  target.  The  baala  of  thla  method  is  that  In 
good  vlalblllty  the  angular  acat'erlng  function  la  not  atrongly  dependent  on  the 
acatterlng  angle10.  As  a  consequence,  n  summation  of  all  the  angular  conpononta  of 
light  Incident  at  a  given  point  should  be  expeeted  to  give  a  representative  aaacssmont 
of  the  total  light  incident  along  the  measurement  path  and  hence  the  scattering  veil. 

A  simple  Implementation  or  thla  technique  took  the  form  or  a  hollow  white  tranalueent 
glass  globe  which  vno  mounted  with  Its  mouth  downwards.  This  was  viewed  by  the  sensor 
looking  Into  an  angled  mirror  beneath  the  globe.  Dy  using  the  same  sensor  to  view  the 
Integrator  aa  the  target  a  ratlosetrle  mode  of  operation  was  ensured,  thus  tending  to 
eliminate  any  afreets  of  drift  In  the  sensor.  The  level  of  signal  obtained  from  Che 
device  was  close  to  that  obtained  In  conditions  of  moderate  visibility  under  an 
overcast  sky.  Though  the  principle  appears  sound,  the  effectiveness  of  the  prototype 
In  summing  the  light  components  did  leave  something  to  be  desired.  This  was  evidenced 
by  the  fact  that  cloud  structure  was  still  visible  in  the  mirror  when  viewed  from  the 
position  of  the  Instrument.  An  alternative  method  which  might  be  adapted  to  thla 
purpose  Is  that  of  viewing  an  externally  reflecting  sphere10. 

A .5  Comparison  techniques 

The  evaluation  of  any  visibility  sensor  poses  a  fundamental  problem  since  there 
Is  no  prlmsry  standard.  It  had  been  planned  to  make  a  comparison  with  an  Erwin  Sick 
SK5  transmlaaometer  but,  In  the  ovont  It  was  found  that  the  one  available  had 
Inadequate  stability  for  the  purpose.  Thla  left  human  observation  as  the  only 
available  means  for  comparison. 

The  problems  encountered  In  using  visual  assessment  as  a  means  of  comparison 
relate  to  the  difficulty  In  calibrating  the  observer's  effective  contrast  sensitivity 
and  or  standardising  the  observational  technique. 

The  method  of  comparison  adoptod  was  to  use  the  same  target  for  both  sensor  end 
observer  and  to  vary  the  distance  of  the  latter.  The  variation  of  distance  was 
achieved  by  the  obsorver  driving  a  small  van  which  was  lnltislly  backed  away  from  the 
target  until  It  was  no  longer  visible  and  then  driven  slowly  forward  until  the  target 
achieved  a  certain  level  of  eonsplculty.  The  criterion  used  for  the  trials  was  that  of 
'clearly  dlscernable' .  This  represented  the  greatest  distance  at  which  the  shape  of 
the  target  was  unambiguous.  Inevitably,  there  must  be  a  tendency  towards  persistence 
In  observed  distance  (le  the  observer  knows  the  position  from  which  the  last  reading 
was  taken),  Nevertheless,  with  care,  a  good  degree  of  precision  and  freedom  from  bias 
was  achieved.  The  experiment  was  blind  in  that  the  observer  had  no  way  of  knowing  what 
the  Instrument  was  reporting,  nor  whether  trends  were  being  under,  or  over  estimated. 


The  distance  from  the  target  was  obtained  from  a  locally  designed  and 
manufactured  micro-processor  based  distance  measuring  equipment.  71113  equipment  was 
attached  to  the  speedoseter  drive  of  the  vehicle  and  produced  a  display  scaled  in 
metres.  With  reasonable  care  in  driving!  the  slippage  in  position  over  a  period  of 
20  minutes  was  no  more  than  1  a.  The  baaio  accuracy  of  the  distance  measuring  systea 
was  of  the  order  or  11.  Although  a  high  degree  or  repeatability  or  observation  was 
achieved  the  observer's  contrast,  threshold  was  unknown.  Dirriculties  were  experienced 
in  Baking  observations  in  excess  or  600  n,  due  to  the  temporal  and  spatial  variability 
during  the  formation  and  decay  phase  or  rog.  Uniting  visual  resolution  and  an 
obscuring  hump  m  the  track  also  added  to  the  dirriculties  in  Baking  successrul 
observations  at  the  longer  ranges.  It  was  expected  that  thero  night  be  soae 
non-linearity  in  the  cooparlson,  since  the  lnatrusental  systea  calculates  range  using  a 
rixed  contrast  ratio,  whilst  the  threshold  contrast  ratio  ror  the  observer  night  be 
expected  to  change  with  range.  Application  or  the  Blackwell  data13  suggests  that  over 
the  range  or  100  to  600  p  the  observer's  threshold  ratio  night  change  by  a  rector 
or  10,  the  angular  subtense  or  the  dark  target  being  insurriclent  to  ensure  a  constant 
threshold.  In  practice,  the  results  show  no  obvious  signs  or  curvature,  suggesting 
that  either  the  observer  was  using  the  box  and  supporting  rranework  as  the  target  at 
the  longer  ranges,  or  that  sane  other  errect  was  coning  into  play. 

t. 6  Comparison  parameters 

There  arc  a  nuaber  or  paraseters  that  should  be  tested  in  the  course  or  rield 
testing  an  instrusental  visibility  systen. 

These  are: 

1  The  reliability  or  the  runetional  relationship. 

2  The  nlnute-to-ninute  correlation. 

3  The  day-to-day  correlation. 

b.  The  repeatability  ror  all  types  or  natural  obscuring  phonoaena. 

5  An  understanding  or  the  Bachanlaas  or  coaparlaon  rallure. 

The  large  variations  which  can  ocour  in  an  observer's  threshold  contrast  ratio, 
both  day-to-day  and  between  obaervore,  suggest  that  itena  3  and  b  would  only  be 
achieved  through  a  large  statistical  trial,  nevertheless,  with  the  techniques  and 
resources  discussed  above,  it  should  be  possible  to  deaonatrate  lteas  1  and  2  on  a  day 
by  day  basis,  ir  the  obsorver'o  contrast  threshold  is  sensibly  constant  during  the 
period  or  the  trial  then  the  application  or  Koschneldor'a  Law  loads  naturally  to  a 
linear  coaparlaon  in  visual  range.  Under  these  eireuaataneea  the  level  or  correlation 
achieved  will  apply  regardless  or  the  aotual  vtluea  or  the  thresholds  employed.  The 
slope  or  any  regression  line  will  not  necessarily  be  unity  and  oay  well  vary  rron  trial 
to  trial,  though  the  line  should  pace  through  tero.  The  aotual  value  or  correlation 
which  is  achieved  will  depend  on  the  epatial  and  temporal  homogeneity  or  the  rog  as 
well  as  any  averaging  in  either  dissension  which  is  applied  by  the  oeaaureaents,  or 
observations.  One  outcome  or  the  comparison  ia  that  ir  the  instrumental  contrast 
measurements  can  be  relied  upon,  then  these  could  in  Pact  be  used  to  ssseas  the 
observer's  contrast  threshold. 

b .7  Trlala  logistics 


The  conduct  or  trials  such  as  these,  which  are  dependent  on  naturally  occurring 
phenomena,  pose  severe  logistical  problems.  Even  today,  the  rorocaatlng  or  rog  la  by 
no  meana  certain,  as  email  deviations  Prom  the  roreanat  mctcorologloal  conditions  can 
have  a  marked  errect  on  its  occurrence,  duration,  extent  and  density.  As  a  result 
there  were  numerous  occasions  when  the  site  was  manned  and  Tog  did  not  oeour.  In 
addition,  there  wore  oecaslona  when  malPunotlona  or  the  aenaor,  communications,  or 
controlling  computer  prevented  data  being  acquired.  Further,  when  Pog  did  occur  it 
was  sometimes  unsuitable  In  nature.  So  rer  as  rog  conditions  are  concerned  there  la 
little  point  In  caking  comparisons  between  systems  when  the  Pog  la  either  spatially,  or 
temporally  variable,  because  oP  the  Implicit  assumption  that  both  systems  are  assessing 
the  same  atmospheric  condition.  For  instance,  on  one  occasion  the  visibility  along  the 
track  varied  so  rapidly  that  ths  observer  simply  could  not  vary  tho  position  or  the 
vehicle  quickly  enough  to  achlevo  the  necessary  visual  criterion.  Other  sources  ot 
dirriculty  to  the  observer  were  the  extremes  or  light  level  which  were  encountered.  On 
one  occasion,  although  tho  light  was  adequate  r or  the  instrument,  it  was  Insurriclent 
Por  the  human  observer  (1  lilt).  On  another,  s  trial  was  auandonod  because  tho  light 
level  was  so  high  that  the  observer  could  not  regard  the  target  without  watering  or  the 
eyes  (5000  lilts). 

b.8  Trials  results 


The  number  of  occasions  on  whioh  successful  comparison  of  Instrumental  output 
with  human  observations  were  obtained,  proved  disappointingly  small,  being  only  5  in 
all.  The  results  obtained,  however,  give  every  encouragement  to  the  use  of  the 
contraat  reduction  method.  In  general,  excellent  correlation  was  obtained  and  where 
this  was  not  so,  the  departures  can  be  explained. 


The  comparison  shown  In  Pig  6  «*a  made  on  tho  morning  of  30  November  1985. 
Although  the  range  of  the  data  was  small  (125  to  255  «  NCR),  a  very  high  level  of 
correlation  vaa  achieved  (0.99)  and  the  points  were  veil  distributed  about  and  along 
the  regreaalon  or,  'beat  fie'  line,  the  Implication  or  this  high  level  la  that  only  }J 
of  the  variance  about  the  regression  line  la  unexplained.  Similarly  the  ’standard’ 
orror  In  the  slope  of  the  regression  line  la  only  1.5?  of  its  value  and  that  of  Its 
intercept  3  a.  Furthermore,,  there  le  no  apparent  tendancy  to  curvature. 

5.9  Olscuaalen  of  trials  teehnlmie 

the  weakness  of  the  trials  as  conducted  Is  seen  to  lie  in  the  lack  of  a 
calibration  for  the  threshold  contcast  ratio  of  the  observer  and  the  absence  of 
Information  regarding  the  variability  of  the  fog. 

So  far  as  the  first  aspect  is  concerned,  one  technique  which  say  be  capable  of 
providing  a  field  assessment  of  the  observer's  threshold  is  Olnsberg'e  Vision  contrast 
test  system"*).  tltls  Is  a  variant  of  the  sine  wave  grating  technique  and  provides  on 
a  board  a  2  dimensional  array  or  gratings,  these  are  graded  In  spatial  frequency  in 
one  direction  and  contrast  In  the  other,  though  this  method  does  not  direetly  yield 
the  contrast  threshold  for  'real'  targets,  It  would  allow  the  observer  to  be  calibrated 
in  the  field  ror  the  current  ambient  lighting  conditions. 

Addressing  the  second  deficiency,  a  method  which  might  be  used  to  assess  the 
degree  of  variability  In  the  different  foga  is  to  compare  the  spectral  content  of  their 
assessed  extinction  coefficient  tine  histories. 

Although  the  method  used  to  make  human  observations  has  been  seen  to  be  capable 
of  excellent  short  term  repeatability,  It  is  nevertheless  slow  and  limited  in  duration 
to  about  2  hours.  This  la  due  to  the  level  of  concentration  required  in  the  visual 
task  and  the  fatigue  of  making  repeated  driving  manoeuvres. 

4.10  Discussion  or  trials  equipment 


The  experimental  sensor  used  for  the  trials  docs  not  reflect  the  approach  which 
should  be  adopted  for  an  operational  system.  So  far  as  deployment  against  a  single 
target  is  concerned,  then  the  aim  or  the  teleacope  could  bo  fixed,  with  perhaps 
2  detectors  side  by  side,  or  a  olngle  deteotor  with  a  rotating,  or  commutating  atop 
which  allows  tho  target  and  background  to  be  viewed  In  turn.  Patently  thla  Is 
unsatisfactory  where  more  than  one  target,  or  a  hybrid  syatem  la  Involved  (ace 
section  5).  A  method  which  la  found  particularly  attractive  In  thla  lnatance  la  to 
poaltlon  tho  teleacope  vertically  and  to  use  a  mirror  steerable  In  2  axes  to  select  the 
appropriate  point  or  regard.  This  would  have  the  added  attraction  chat  apart  from 
relaxing  requirements  on  target  placement  on  airports,  the  system  could  at  the  leant  be 
used  for  making  asaesamenta  in  both  directions  along  the  runway  thus  Improving  the 
sampling  coverage. 

Tho  other  element  of  the  system,  which  la  the  dark  target,  has  been  given  some 
thought  In  the  light  of  trials  experience.  The  shortcomings  or  the  simple  box 
construction  are  many.  In  particular,  the  lack  of  baffles  means  that  oblique 
illumination  can  reach  the  target  proper  (the  back  aurface  or  the  box),  without 
significant  attenuation.  A  particularly  good  example  or  thla  occurred  when  driving 
snow  collected  on  the  rioor  of  the  box  which  then  reflected  oblique  rays  onto  the 
target  proper.  In  addition,  birds  have  perched  both  on  the  front  aperture  and  floor  of 
the  box,  in  the  one  case  obscuring  the  target  and  in  the  other  providing  a  secondary 
source.  The  basic  design  principles  which  have  emerged  are: 

1.  The  box  ahould  be  baffled,  both  to  prevent  Internal  reflections  and  to 
reatrtet  the  field  of  view  of  the  target. 

2.  The  entire  internal  surface  should  be  coated  with  a  good  weather  proof  low 
reflectance  paint. 

3.  The  front  entry  should  be  knife  edged  In  shapo  to  prevent  tho  accumulation 
of  anow  and  the  rooatlng  of  birds. 

4.  The  front  compartment  of  the  box  should  be  equipped  with  a  sump  and  light 
proof  drainage.  Thus  enabling  any  foreign  matter  which  entera  to  fall  far 
enough  so  as  not  to  provide  a  secondary  source  of  illumination  for  the  target 
proper. 

5.  The  target  ahould  be  of  a  low  reflectance  non-specular  material  mounted  in 
such  a  way  that  it  can  be  removed  for  Inspection  and  maintenance. 

An  Improved  dark  target  has  been  built  with  these  alms  in  mind. 

5.  ALTERNATIVE  METHODS  TOR  USE  AT  HIOHT 

The  method  of  contrast  reduction  as  described  Is  limited  to  daytime  uae  and 
cannot  readily  be  adapted  for  use  after  dark.  In  order  to  achieve  round-the-clock 
operation  it  would  be  necessary  to  employ  a  hybrid  system,  preferably  based  on  the 
hardware  employed  for  the  daytime  use. 


One  candidate  technique  Ter  the  night-time  component  of  the  system  la  the  low 
coat  transalsaoeeter.  This  could  be  achieved  through  the  use  of  a  light  source  perhaps 
mounted  within  the  dark  target  unit  and  occulted  by  the  dark  target  plaque. 

One  of  the  punitive  aspects  or  transnlssoseter  system  design  la  the  need  to 
overcose  and  reject  natural  daylight  from  the  measurement,  In  addition,  a  system  which 
Is  geared  to  the  reporting  or  nvn  ever  the  range  SO  to  1S90  a  nay  well  need  to  measure 
HSRs  over  the  range  10  to  1S09  n.  By  restricting  the  use  or  the  transnlasoseter  to  the 
hours  or  darkness,  the  need  to  reject  daylight  Is  removed.  In  addition  the  upper  end 
or  the  required  HO  ft  range  nay  be  reduced  to  sene  530  n,  thus  eliminating  the  need  for 
error  susceptible  measurements  at  high  transmittance  values.  This  transntssoseter 
however,  unlike  the  contrsst  neter  would  not  be  self  compensating  in  respect  to  drift 
In  source  output,  or  detector  sensitivity. 

Another  method  which  has  received  some  attention  is  the  design  of  an  integrating 
ncphelcseter  which  night  be  adapted  to  use  the  hardware  and  configuration  of  the 
contrast  neter.  As  discussed  previously  one  of  the  major  criticisms  of  the  Integrating 
nepheloneter  Is  ltd  inability  to  include  neasurenenta  of  scattering  components  at  snail 
forward  angles.  The  configuration  of  the  contrast  neter  however,  suggests  a  fora  of 
open  extended  construction  for  an  Integrating  nepheloneter  which  night  overcome  this 
problem  and  yet  yield  a  reasonably  robust,  self  compensating  system.  This  would  use  a 
circular,  angularly  weighted  source  placed  in  front  of  the  dark  target  to  llluninate 
the  sight  line  over  a  wide  range  of  angles.  The  circular  nature  of  the  source  being 
used  to  compensate  for  any  displacement  in  aln.  In  order  to  achieve  a  ratlosetric  node 
of  operation  it  is  necessary  to  neasure  the  effective  source  Intensity,  in  the  case  of 
daylight  this  was  the  background.  In  this  case  the  angular  weighting  of  the  source 
means  that  only  a  snail  proportion  of  the  light  is  directed  towards  the  sensor.  One 
way  of  obtaining  a  representative  neasure  of  the  light  output  would  be  to  interpose  a 
translucent  diffusing  screen  inmedlately  in  front  of  the  source.  A  preltalnary 
analysis  shows  that  this  allows  the  compensation  of  the  transmission  losses  Involved  In 
the  2  ncssurenents  and  gives  an  appropriate  functional  relationship. 

6  CONCLUSIONS 

The  nethod  of  contrast  reduction  described  In  this  paper,  is  an  adaption  or  the 
natural  visual  process  ror  the  daytime  asseessent  of  visibility  for  use  oy  an  automatic 
instrument.  As  such  16  makes  use  of  a  well  established  law  due  to  Kosehmelder  relating 
the  apparent  contrast  reduction  In  a  dark  target  to  vlaiblllty.  Distinct  froa  other 
methods,  it  has  the  nerlt  of  being  both  a  passive  and  a  robust  measurement  process.  In 
this  respect  it  hss  been  demonstrated  that  the  process  compares  favourably  to 
tranaaiasooeter  techniques  which  are  frequently  used  as  a  standard  against  which  other 
aethods  are  aasesaed.  Again,  contrary  to  other  methoda,  it  incorporates  those  aspects 
of  the  visual  environment  which  are  not  normally  considered.  In  particular,  the 
rorieotanee  of  the  aurface  about  and  below  the  measurement  path  and  the  directional 
qualltleo  of  the  ambient  light  in  the  direction  that  the  noasureaents  are  made.  A 
further  significant  advantage  is  the  aelf  eonpenaatlng  nature  of  the  neasurenenta, 
whereby  variations  in  source  intensity  (in  this  case  the  aablent  light)  and,  or  syacem 
sensitivity  are  automatically  eliminated. 

Another  advantage  of  the  nethod  ie  that  the  target  does  not  require  accurate 
alignment  and  that  the  length  of  the  aeaeuremont  path  can  be  varied  widely,  without  the 
more  usual  restrictions  arising  froa  limitations  in  source  power  and  detector 
sensitivity. 

The  comparisons  mads  by  s  human  obaorver  to  prove  the  technique  have  been  highly 
successful  over  the  range  of  exposure,  although  this  range  was  snail.  Undoubtedly,  the 
process  of  evaluation  by  field  trlala  does  pose  problems,  particularly  In  the  longer 
vlolbiJ Itles,  as  it  does  with  any  method  for  vlaiblllty  assessment. 

An  area  of  difficulty  concerns  the  calibration  of  ►he  system  In  good 
visibilities.  This  is  due  to  the  effects  of  spatial  variability  on  widely  differing 
path  lengths.  This  problem  also  occurs  whenever  unassisted  humsn  observations  are  used 
to  calibrate  an  Instrumental  visibility  system.  In  this  ease  means  of  making 
background  measurements  which  are  more  representative  have  been  suggested.  The 
greatest  shortcoming  lies  In  the  fact  that  the  system  la  for  use  In  daylight  only, 
though  In  twilight  conditions  the  relatively  mediocre  sensitivity  of  the  prototype 
instrument  outstripped  that  of  a  human  observer.  Notwithstanding,  the  nethod  Is 
unsulted  for  use  after  dark  and  alternative  methods  have  been  proposed  to  operate  in 
this  regime.  At  leant  one,  if  not  both  of  these  approaches  could  result  In  a  round  the 
clock  stem  which  would  compare  very  favourably  In  accuracy  coat  and  complexity  with 
exlsti.^  systems.  While  the  pres  snd  cons  of  the  contrast  reduction  system  arc 
summarised  In  Table  1,  more  detailed  results  are  to  be  published  at  a  later  date. 
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Table  1 


Pros  and  Cons  of  the  Contrast  Reduction  Method 

Advantage; 

1  Passive  ceaauressnt. 

2  Inproved  accuracy  over  equivalent  transalsscacter. 

3  Uni  lotted  length  of  seasursuent  path  {see  below). 

a  Compensates  aourca/deteotor  drift,  no  long  tern  stability  requirement 

5  Tolerant  to  deterioration  In  target  reflectance. 

6  Insensitive  to  ala-sllgnaent,  particularly  or  target. 

7  Ellolnatea  seatterlng  defects  in  sessurcaent. 

8  Incorporates  scene  refleotance  and  light  field  anisotropy. 

9  Insensitive  to  dirtying  of  optical  window  (aeo  a  above). 

10  Potentially  slaple  optica  and  eleetronlca. 

11  Easily  adapted  to  use  In  nany  dtreetlona. 

Disadvantages 

1  Daytlee  to  twilight  uae  only,  requires  augoentation  for  nlght-tlne. 

2  Clear  vtaual  path  required  to  1.5  tlsea  highest  reported  MOR. 

3  Slant  tseasureaenta  eust  be  cade  viewing  upwards  {see  2). 

a  Requires  aeans  of  saapling  local  light  cnvlronaent  to  aid  calibration 
5  Dark  target  aeasureaent  requires  optics  with  low  veiling  glare. 

5  Large  total  dynamic  requlrcaent. 
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Fig  2  Comparison  of  System  Errors. 
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Fig  7  Possible  Scheme  for  Scatter  Meter. 


E-4£?J 


2M 


RASA'S  PSOGRAN  OH  JCIHO  RESEARCH  AHD  TEOWOLOCY 

John  J.  Relnsann.  Robert  J.  Show  and  Richard  J.  Ranaudo 
Rational  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44533  U.S.A. 


6UKKARV 

This  paper  reviews  RASA ' e  program  in  Aircraft  icing  research  and  technology.  The 
program  relies  heavily  on  computer  codes  and  modern  applied  physics  technology  in  seek¬ 
ing  icing  solutions  on  a  finer  scale  than  thoso  offered  in  earlier  programs.  Three 
major  goals  of  this  program  are  0)  to  offer  new  approaches  to  ice  protection,  (2)  to 
improve  our  ability  to  model  the  rospon.se  of  an  aircraft  to  an  icing  encounter,  and  (3) 
to  provide  improved  techniques  and  facilities  for  ground  ami  flight  testing.  This 
paper  reviews  the  following  program  elements!  <l)  new  approaches  to  ico  protection: 

(2)  numerical  codes  for  deicer  analysis;  (3)  measurement  and  prediction  of  ice  accre¬ 
tion  and  its  effect  on  aircraft  and  aircraft  components;  (4)  special  wind  tunnel  tost 
techniques  for  rotorcraft  Icing;  (5)  improvements  of  icing  wind  tunnels  and  research 
aircraft:  (6)  ground  deicing  fluids  used  in  winter  operation;  (7)  fundamental  studies 
in  icing;  and  id)  droplet  suing  instruments  for  icing  clouds. 

1HYR0DUCTI0H 

The  icing  problem  is  receiving  more  attention  today  than  it  has  in  any  other  period 
of  the  last  23  years.  For  example,  at  the  RASA  Lewis  Research  Center,  testing  activity 
in  the  icing  Research  Tunnel  (IRT)  has  increased  steadily  over  the  past  io  years,  and 
in  1985  the  IRT  logged  1330  hr  of  test  time,  which  is  the  highest  annual  usage  on  record 
since  1930. 

There  are  many  reasons  for  tho  current  interest  in  icing:  (i)  the  more  efficient, 
high  by-pass  ratio  engines  of  today  and  tho  advanced  turboprop  engines  of  tomorrow  have 
limited  bleed  air  for  lee  protection,,  so  the  alrframers  are  seeking  more  efficient  sys¬ 
tems:  (2)  airfoil  designers  do  not  want  thoir  modern,  high-performance  surfaces  contami¬ 
nated  with  ice.  so  they  are  intensifying  prossuro  to  develop  ico  protection  systems  that 
minimize  residual  ice  and  thereby  allow  the  aitframer  to  koop  airfoil  surface  area  to 
tho  minimum;  (3)  now  military  aircraft  requiring  all-uoathoc  capability  are  currently 
under  development;  (4)  some  existing  military  Aircraft,  being  used  primarily  for  train¬ 
ing  missions,  are  experiencing  foreign  object  damage  (too)  due  to  icing  conditions  they 
would  not  normally  oncountor  in  combat;  (5)  doslgnors  of  high  performance  military  air¬ 
craft  want  to  avoid  burdening  tho  aircraft  with  ice  protection,  so  they  want  to  know 
whoro  and  how  much  ico  will  build  on  the  aircraft  ar.  J  whether  tho  aocoporformunce  penal¬ 
ties  are  acceptable;  (6)  designers  of  future  high  performance  aircraft  with  relaxed 
static  stability  need  to  know  how  their  aircraft  will  perform  with  contaminated  aerody¬ 
namic  surfaces;  (7)  little  is  known  about  the  offoccs  of  ice  accretion  on  tho  operation 
and  performance  of  advanced  turboprops,  and  whocher  or  not  ico  protection  will  be 
required;  and  (S)  tho  FAA  has  certified  only  one  civilian  helicopter  for  flight  into 
forecasted  icing,  which  impllos  a  strong  need  for  support  of  helicopter  icing. 

RASA'S  icing  program  was  first  rcvlowod  in  1983  (Rof.  1).  Many  elements  of  tho 
oarly  program  aro  still  in  progress,  and  they  are  brought  up  to  date  in  this  paper. 

Sono  now  elements  have  been  adaod,  tho  most  notablo  ones  being  the  following:  ico  pro¬ 
tection  systems  based  on  oloetro-mechsnicnl  impulses,  offsets  of  grt  nd  deicing  fluids 
on  wing  aerodynamic  performance  during  takeoff,  upgrades  and  enhancements  to  tho  LEWICE 
ico  accretion  prodiction  codo;  applications  of  viscous  flew  cedes  to  tho  Icing  problem; 
experimental  observations  of  the  ico  accretion  process;  Bnd  structural  and  tdhosive 
properties  of  impact  ice. 

Other  review  articles  have  boon  published  on  parts  of  the  RASA  aircraft  icing  pro¬ 
gram.  Reference  2,  published  in  1984,  gave  an  account  of  our  aircraft  icing  analysis 
activities  (analytical  and  experimental).  Sovoral  review  papers  [Refs.  3  to  3)  veto 
published  in  1988.  Reference  3  gave  an  update  of  our  icing  analysis  activities  for  ice 
accretion  on  unprotected  airfoils.  Reference  4  rovlouod  our  analytical  modeling,  wind 
tunnel  experiments,  and  flight  testing  and  showed  how  they  support  our  goal  of  modeling 
the  effect  of  icing  on  tho  whole  aircraft.  Reference  5  reviewed  tho  numerical  codes 
that  modol  tho  transient  performance  of  oloctrothurmal  deicing  systems. 

This  paper  attempts  to  present  tho  full  scopo  of  RASA'S  extensive  program  in  air¬ 
craft  icing  resoarch  and  technology.  Throo  major  goals  of  this  program  aro  (1)  to 
offer  now  approaches  to  ico  protection,  (2)  to  improve  our  ability  to  modol  tho 
response  of  an  aircraft  to  an  icing  oncountor,  and  (3)  to  provide  improved  techniques 
and  facilities  for  ground  and  flight  testing. 

For  Bovoral  years,  the  Federal  Aviation  Administration  0?Aa)  has  contributed  finan¬ 
cial  support  to  tho  RASA  icing  program,  especially  in  tho  areas  of  ice  accretion  model¬ 
ing,  cloud  droplet  instrumentation  evaluation  and  calibration,  and  icing  scaling. 


ICE  PROTECTION  SYSTEMS 

Since  cho  mid  t9S0's,  jet  transports  have  kept  their  critical  lifting  surfaces  and 
engine  inlets  completely  clear  of  ice  by  employing  hot  air  anti-icing  cystoma,  but 
raore  recently,  as  jet  engine  manufacturers  nave  begun  increasing  cnglno  by-paes-cacloe 
to  achieve  higher  efficiencies,  the  engine  cores  have  become  smaller  and  the  amount  of 
hot  bleed  air  available  for  anti-icing  has  shrunk  significantly  (rig.  1).  To  cope  with 
this  loss  of  bleed  air.  airfrassers  ace  (O  eliminating  ice  protection  from  selected  com¬ 
ponents,  or  (2)  developing  the  more  energy-off lciont  seising  systems  that  require  some 
buildup  of  ice  before  activation.  Helicopters,  general  aviation,  and  light  transport 
aircraft,  all  with  relatively  small  payload  fractions  and  low  power  margins,  have  always 
relied  heavily  on  the  more  efficient  deicing  systems. 

Always  in  demand  are  now  ice  protection  systems  that  can  offer  any  of  the  following 
Improvements:  lower  weight,  lover  power  consumption,  more  effective  ico  removal,  more 
reliable  operation,  more  easily  retrofitted  to  existing  components,  smaller  aero  penal¬ 
ties.  lower  maintenance  costs  or  lower  manufacturing  costs.  HASA  has  selectively  sup¬ 
ported  the  development  of  ice  protection  systems,  with  emphasis  on  the  more  efficient 
.icing  systems. 

Hext  to  pneumatic  deicer  boots,  the  most  efficient  mechanical  deicing  systems  ace 
those  that  employ  olcctro-mechanicai  impulses.  Typically,  the  power  required  for  elec¬ 
tro-mechanical  doicing  is  about  one  percent  of  that  used  for  evaporative  anti-icing. 
Electro-mechanical  deicers  use  about  as  much  power  as  the  aircraft's  landing  lights. 

Three  deicing  systems  employing  electro-mechanical  impulses  have  been  supported  by 
KASA.  These  are  ( U  the  Electro-Expulsive  Separation  System  (EESS),  (2>  Electromagnetic 
Impulse  Deicers  (EID1).  and  (3)  Eddy  Current  Repulsion  Deicer  Boots  (ECRDIB).  All  three 
of  these  systems  are  energised  by  rapidly  discharging  a  capacitor  through  electrical 
conductors  whose  currents  sec  up  epposina  magnetic  fields  that  forco  the  conductors 
rapidly  apart.  The  short  discharge  pulse,  a  fraction  of  a  millisecond  in  duration, 
imparts  an  impulsive  force  to  the  ico  that  shatters,  debonds,  and  expels  it  from  the 
surface.  The  required  power  supplies  and  switching  circuitry  aro  nearly  identical  for 
the  three  syateas. 


The  EESS  system  was  invented  and  patonted  by  Mr.  1,.  A.  liasllm  of  the  hasa  Amos 
Research  Contor.  Moffett  Field.  CA  (U.S.  Patent  Ho.  4.690.3J3;  September  i,  1987>. 

Though  It  has  undergone  only  United  icing  testing  to  date,  it  appears  to  bo  an  effec¬ 
tive  deicer.  It  seems  to  be  especially  effective  for  removing  thin  layors  of  ico. 

Thus  the  EESS  can  be  activated  after  very  thin  layers  of  Ico  have  built  up.  which 
should  mlnimlso  tho  aeroperformance  penalties  caused  by  ico  accumulated  between  activa¬ 
tions  or  by  residual  ico  loft  aftoc  activation.  Because  it  can  be  easily  manufactured 
as  a  thin  boot  and  easily  retrofitted  by  bonding  to  tho  outside  of  any  component,  sev¬ 
eral  companies  are  interested  in  applying  it  to  both  civilian  and  military  aircraft. 

As  shown  in  Fig.  2  tho  EESS  conductors  are  arranged  as  a  series  of  U-shapod  ribbons 
such  that  tho  current  flows  into  one  leg  of  tho  U  and  out  tho  other,  when  the  capacitor 
discharges  into  tho  ribbon,  tho  opposing  currents  in  the  two  legs  create  opposing  mag¬ 
netic  fields  that  force  adjacent  ribbons  rapidly  apart.  Tho  conductors  aro  embedded  in 
the  olastomorlc  boot  as  shown  in  Fig.  3.  Slits  in  tho  deicer  boot  allow  the  ribbon  con¬ 
ductors  to  movo  rapidly  apart  and  thon  they  quickly  collapse  back  to  a  thin  layer. 

The  B.  F.  Goodrich  Company  tested  tho  EESS  system  on  board  tho  HASA  Twin  Otter 
icing  research  aircraft,  and  Bata  Products  of  Hew  England  tested  it  in  tho  hasa  IRT. 
and  on  the  Twin  Ottor. 

Through  a  competitive  bidding  process.  HASA  has  granted  limited  patent  rights  for 
tho  EESS  to  Data  Products  of  How  England,  Wallingford.  CT,  Reference  6  provides  a  dis¬ 
cussion  of  tho  improvements  that  Data  Products  of  Hew  England  is  currently  carrying  out 
on  tho  EESS. 

Data  Products  of  How  England  offors  blankots  from  0.040  to  0.080  in.  thick,  smooth 
on  both  sides,  and  capable  of  boing  feathered  into  the  surface  on  which  they  are 
installed.  Thickness  adds  durability,  but  reduces  blanket  efficiency  and  may  affect 
air  flow.  Blankots  weigh  botveon  0.7  and  l.l  lb/ft2.  Each  rectangular  area  of  approxi¬ 
mately  70  In.2  maximum  Is  connected  to  one  Blanket  Driver  Assembly  (l.e..  a  capacitor 
and  related  switching  circuitry).  Flvo  soparato  blankets  voro  pursed  for  a  total  of 
50,000  cycles,  with  greater  than  10,000  cycles  being  tho  highest  on  one  blanket,  with 
no  discernible  degradation. 


Eiectromagnoric  Impulse  Deicer 

HASA  recently  completed  a  development  program  on  tho  EIDI  system  that  began  in 
1982  Reference  7  is  the  final  EIDI  report  that  summarizes  the  program  history,  tost 
results,  technical  accomplishments,  and  analysis  and  design  procedures  for  tho  implemen¬ 
tation  of  an  EIDI  system. 

Tho  physical  form  of  the  ESDI  method  is  shown  in  Fig.  4.  Flat-wound  coils  made  of 
copper  ribbon  wire  are  placed  just  inside  the  leading  edge  of  a  wing's  skin  with  a 
small  gap  separating  skin  and  coil.  Elthor  one  or  two  coils  are  placed  at  a  given  span 


wleo  station,  depending  on  the  else  and  shape  o f  the  leading  edge.  Two  methods  of  sup¬ 
porting  coils  aro  shown:  support  by  a  front  spar  or  from  a  bean  attached  to  ribs  is 
generally  used,  but  pouncing  to  the  shin  itself  is  sometimes  used. 

Energy  is  discharged  from  a  capacitor  through  the  Eioi  coil.  The  rapid  discharge 
creates  a  rapidly  forming  and  collapsing  electromagnetic  field  which  induces  eddy  cur¬ 
rents  in  the  metal  skin.  The  magnetic  fields  resulting  from  current  flow  in  the  coil 
and  skin  create  a  repulsive  force  of  several  hundred  pounds  magnitude,  but  a  duration 
only  a  fraction  of  a  millisecond.  A  small  amplitude,  high  acceleration  movement  of  the 
skin  acts  to  shatter,  debend  and  expel  the  ice.  Two  or  three  such  ’hits*  are  performed 
sequentially,  separated  by  the  time  required  to  recharge  the  capacitors,  then  lee  is 
permitted  to  accumulate  until  it  again  approaches  an  undesirablo  thickneas. 

Deicing  has  been  successfully  accomplished  in  the  icing  wind  tunnel  end  in  flight 
for  typical  general  aviation  and  transport  wings  and  inlet  nacelles  under  a  wide  range 
of  velocities,  angles  of  attack,  icing  rates  and  temperatures.  Testing  consisted  of 
eleven  sets  of  icing  tunnel  teats  and  two  flight  test  programs.  Fatigue  tests  were  con¬ 
ducted  for  the  wing  skin  and  the  ElDt  components.  Tests  on  electromagnetic  interfer¬ 
on  {KM I )  with  other  aircraft  systems  was  also  conducted.  Doth  fatigue  life  and  EMI 
emissions  can  lie  made  acceptable. 

ElDt's  major  advantage  is  that  it  does  not  alter  the  external  surfaces  of  the  air¬ 
craft.  and  therefore  does  not  impose  an  aerodynamic  performance  penalty.  Its  limita¬ 
tion  is  that  it  does  not  adapt  readily  to  retrofitting,  since  in  most  esses  it  must  be 
considered  a  part  of  the  original  design  of  the  component.  The  fundamental  technology 
for  EID1  is  now  established,  and  it  is  up  to  the  various  sirfrsmers  and  engine  nacelle 
fabricators  to  adopt  it.  Those  who  have  worked  on  the  E1D1  program  are  convinced  that 
it  is  just  a  matter  of  time  until  it  makes  its  way  onto  a  next  generation  aircraft. 


The  ECKD1D  contains  electrical  conductors  in  an  elastomeric  boot  that  is  bonded  to 
the  leading  edge  of  a  wing.  Mum  a  capacitor  is  discharged  through  the  conductors, 
eddy  curronts  are  induced  in  the  skin  of  the  wing,  just  as  in  ElDl.  Opposing  magnetic 
fields  repel  the  boot  rapidly  away  from  the  wing.  wo  say  that  ECRDIB  is  EID!  applied 
on  the  outside  rather  than  the  inside  ef  the  wing.  (ECRDIB  differs  from  EESP  in  that 
EESP  does  not  Induce  eddy  currents.)  NASA  has  a  small  contract  with  Electroimpact. 
Inc.,  Seattle,  w a,  to  fabricate  several  ECRDIB  units  and  coat  them  on  a  large-chord  and 
a  small-chord  wing  section  in  the  NASA  iRT. 

The  ECRPIO  conductors  will  be  fabricated  from  stacks  of  thin,  flexible  circuit 
boards,  with  a  coil  conductor  pattern  that  allows  current  to  enter  and  exit  the  edgo, 
rather  than  the  center,  of  the  circuit  board.  A  sheet  of  eiastomoric  material  will 
cover  the  circuit  boards  to  fora  the  boot.  The  inventor  (Ref.  B)  has  calculated  that 
for  the  same  pulse  of  energy,  the  ECRDIO  should  deice  about  two  to  four  times  the  area 
an  EESS  would  deice. 

The  EESS  and  the  ECHOIB  systems  are  embedded  in  elastomeric  boots  that  aro  applied 
over  the  outsldo  of  the  airfoil.  As  with  the  pneumatic  boot,  these  elastomeric  outer 
surfaces  will  cond  to  got  pulled  sway  from  tho  airfoil  skin  in  the  region  of  negativo 
pressuros  or  suction  pressures,  i.e..  on  the  upper  leading  edge  of  tho  airfoil.  This 
would  cause  upper  surface  distortion  and  an  attendant  aerodynamic  performance  penalty. 
Designers  of  pneumatic  boots  pull  s  vacuum  on  tho  insido  of  tho  boot  to  provent  the 
boot  from  staying  inflated  after  the  boots  aro  activated.  Pulling  a  vacuum  on  an  EESS 
or  ECRDXB  seems  impractical,  and  some  other  seane  must  be  found  to  overcome  this 
problem.  Data  Products  appears  to  havo  solved  this  problem  for  EESS. 

The  other  issue  wUh  eiastomoric  materials  is  their  ability  to  withstand  rain  and 
sand  erosion.  Erosion  would  be  most  serious  near  tho  outboard  sections  of  helicopter 
rotors.  Perhaps  an  acceptable  solution  for  rotors  would  be  a  hybrid  system  consisting 
of  EESS  on  the  inboard  sections  and  electrothermal  on  tho  outboard  sections. 

PREDICTIONS  OF  AIRFOIL  AERODYNAMIC  PERFORMANCE  DEGRADATION  DOE  TO  ICING 

A  major  goal  of  the  NASA  aircraft  Icing  program  is  to  dovolop  and  experimentally 
validate  a  group  computor  codes  that  will  predict  the  details  of  an  aircraft  icing 
encounter.  Tho  flowchart  in  Fig.  5  shows  tho  many  codes  required  to  form  such  an  over¬ 
all  icing  analysis  methodology  and  indicates  the  codes  currently  under  development  by 
NASA.  Onco  validated,  those  codes  can  bo  used  foe  (1)  preliminary  dosign  studios  to 
ascertain  component  sensitivity  to  icing,  (2)  performance  predictions  of  proposed  ice 
protection  systems,  (3)  computer-based  certification  or  qua.ification  studios  to  roduco 
tho  amount  of  required  icing  flight  testing,  and  (4)  more  realistic  icing  offocts 
inputs  for  use  in  flight  training  simulators. 

This  section  will  reviow  tho  progross  on  one  goal  of  tho  overall  activity,  namely, 
to  produce  codes  that  predict  tho  ice  buildup  on  an  unprotected  airfoil  and  tho  result¬ 
ing  aerodynamic  degradation.  NASA  has  givon  the  nemo  LEW ICE  to  its  overall  ice  accre¬ 
tion  code.  (This  section  is  a  condensation  of  the  matorial  in  Rof.  3  and  also  includes 
some  more  recent  material). 

Figure  6  illustrates  the  aerodynamic  performance  penalties  causod  by  leading  edge 
ico:  (1)  increased  drag  oven  at  low  anglos-of-attack:  (2)  airfoil  decambering  duo  to  a 


thickened  upper  surface  boundary  layer:  and  (3)  reduced  Cjoax  and  premature  atall  duo 
to  separation  of  the  airfoil  upper  surface  boundary  layer. 
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Figure  ?  ehova  the  key  physical  processes  that  muit  be  adequately  codeled  in  any 
airfoil  icing  analysis  methodology.  In  the  LEWICK  approach,  ice  is  grown  layer  by 
layer,  vhore  each  layer  represents  the  ico  accretion  for  one  user-specified  tine  Inere- 
cent.  The  ovorall  approach  for  UMict  is  as  follows:  (1)  a  potential  flow  code  calcu¬ 
lates  the  flow  field  around  the  airfoil:  {21  a  droplet  trajectory  code,  using  the 
inviseid  flew  velocities,  conputes  tho  local  water  flux  around  the  airfoil:  and  (3)  an 
ico  accrotion  code,  using  the  local  water  fluxes  and  inviccid  velocities,  calculates 
the  local  ice  growth  around  the  airfoil.  At  this  point  tho  code  can  loop  hack  and 
re-run  tho  potential  flow  analysis  to  deteralne  the  new  inviseid  flow  field  around  the 
iced  airfoil.  Then  a  new  droplet  trajectory  calculation  and  a  new  ico  accrotion  calcula¬ 
tion  can  be  completed  for  the  second  time  step,  and  so  on.  The  looping  process  is 
repeated  for  as  many  time  increments  as  required  to  roach  the  ovorall  Icing  encounter 
time.  If  aerodynamic  performance  losses  aro  required  for  tho  icod  airfoil,  then  a  vis¬ 
cous  flowflold  calculation  is  performed  for  tho  predicted  ice  shape. 

it  is  highly  desirable  to  replace  tho  separate  Inviseid  and  viscous  flow  calcula¬ 
tions  with  a  single  viscous  flow  calculation.  However,  we  have  not  yet  made  the 
replacement  because  a  viscous  flow  calculation  requires  far  more  computer  time  than 
dooe  an  inviseid  calculation,  so  the  total  CPU  time  to  calculate  an  ico  shape  would  bo 
impractical  for  routine  calculations.  Obviously  as  the  ice  shape  grows  and  dominates 
the  airfoil  leading  edge  flowflold,  viscous  effocts  (boundary  layer  separation  and  roat- 
tachmcnc)  w*M  become  so  important  that  tho  simplified  inviseid  analysis  will  no  longer 
be  appropriate. 

The  following  sections  will  look  at  the  modules  In  more  detail. 


The  inviecld  flowflold  code  is  a  second  order  panel  code.  Droplet  trajectories  are 
obtained  by  integrating  Kevton's  second  law  of  motion  using  a  predictor-corrector 
scheme  optimised  for  stiff  systems  of  equations. 

An  experimental  droplet  Impingement  data  baso  is  boing  obtained  for  ueo  in  validat¬ 
ing  the  droplet  trajectory  prediction  codes  (Rot.  3).  Comparisons  between  analysis  and 
experiment  are  shown  in  Pig.  8.  Tho  comparisons  show  that  tho  prediction,  when  using 
cither  inviseid  or  viscous  flowflold  velocities,  is  quite  accurate  for  cases  of  small 
ice  accretion,  but  not  as  accurate  for  largo  Ice  accretions  that  have  massive  flow 
separation  with  unsteady  flow.  Figure  8  shows  that  while  tho  predicted  collection  effi¬ 
ciencies  were  lower  when  the  viscous  flow  velocities  wore  used  in  tho  trajectory  calcu¬ 
lations,  thoy  were  not  as  low  as  those  observed  in  the  experiment.  Since  tho  Navlcr- 
Stokes  codes  ovcrprodicts  tho  velocities  near  tho  separation  points,  the  next  logical 
stop  seems  to  bo  to  replace  the  actual  model  geometry  with  a  geometry  that  follows  the 
outer  boundary  of  tho  separated  flow  region  behind  the  horns.  This  geomocry  should  not 
produce  tho  higher  velocities  near  tho  beginning  of  separation,  and  should  begin  turning 
tho  flow  further  upstream,  thereby  reducing  tho  droplet  collection  efficiency.  Wo  plan 
to  try  thlo  in  the  near  future. 
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Tho  ico  shape  modulo  pcodicts  ico  shapes  by  solving  tho  continuity  and  onorgy  equa¬ 
tions  for  differentia)  control  volumes  on  tho  surface  of  the  airfoil  as  depicted  in 
Fig.  9.  Tho  code  determines  the  fraction  of  incoming  water  that  froosos  in  oach  con¬ 
trol  volumo.  Any  water  that  does  not  frooso  in  a  control  volume  is  assumod  to  flow 
back  to  the  immediately  aft  control  volumo. 

Figure  10  shows  roprosontatlvo  comparisons  of  predicted  shapes  versus  actual  ico 
shapes  grown  on  a  HACA  0012  airfoil  In  tho  NASA  IRT.  The  agreement  in  predicted  vorsus 
moasured  ice  shape  for  both  tho  rime  and  glaze  ico  was  judged  to  bo  acceptable.  Typi¬ 
cally,  LEWICE  predicts  rime  ice  shapes  vory  well,  but  it  can  havo  difficulty  with  glaze 
Ico  predictions.  Othor  comparisons  with  in-flight  icing  aro  given  in  Ref.  9. 

The  doper.'Jonco  of  airfoil  drag  on  ice  formation  temperature  is  shown  in  Fig.  11 
(Ref.  10).  Kotlco  that  at  tho  warmer  temperatures  tho  drag  is  oxtrcmely  sensitive  to 
ico  formation  temperature.  Also  note  that  tho  mass  of  accreted  ico  stays  relatively 
constant  until  the  temperature  approaches  tho  freozing  point  of  wstor,  and  then  tho  mass 
drops  off  presumably  because  the  runback  water  blows  off  t..o  airfoil.  Tho  current  NASA 
ico  accretion  modulo  does  not  account  for  water  blovofi. 

A  key  part  of  tho  Ico  accretion  modulo  is  tho  method  used  to  predict  hout  and  mass 
transfer  convection  cooff lclontu.  The  convection  coofficinnts  aro  calculated  by  the 
integral  boundary  layer  method  (Rof.  3).  Tho  ability  to  model  surface  roughness  as  or; 
equivalent  sand  grain  roughness  is  an  important  feature  of  tho  integral  boundary  layer 
method.  Tho  predictions  were  compared  with  results  from  a  heat  transfer  experiment  in 
which  ico  shapes  grown  on  a  cylinder  in  the  IRT  wore  replicated  in  a  wood  model  that 
was  instrumented  with  surface  heat  flux  gauges  (Rof.  11).  The  predicted  heat  trtr.si’or 
coefficients  shown  in  Fig.  12  do  not  agree  favorably  with  the  experimental  data. 
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Figure  13  compares  the  experimental  data  with  predictions  mado  with  a  Havler-Stokea 
code  that  solves  the  energy  equation  and  uses  a  distributed  roughness  model  (Ret.  u). 
The  agreement  between  analysis  and  experiment  is  good. 

The  icing  process  modeled  in  LEWICE  follows  closely  the  model  given  by  Massinger 
(Ref.  13).  The  Massinger  nodel,  as  depleted  by  Olsen  (Ref.  14),  is  shown  in  Fig.  14. 
Olsen  took  closeup  movies  of  tho  actual  ice  accretion  process  under  a  variety  of  ice 
formation  conditions  in  the  IRT.  and  his  observations  lead  him  to  propose  the  new  model 
shovn  in  Fig.  13.  In  this  model,  water  flows  along  the  surface  only  during  the  initial 
moments  of  exposure  to  the  icing  cloud.  After  that,  the  water  begins  to  form  beads  on 
the  surfete  as  shown  in  Fig.  16.  Ice  forms  in  the  base  of  tho  beads  and  impinging 
wator  accumulates  at  the  top  of  the  beads. 

Hansaan  (Refs.  13  and  16)  later  followed  up  on  Olsen's  work  and  basically  confirmed 
Olson's  observations.  Hansaan  observed  severai  distinct  zones  of  surfaco  wator  behavior: 
a  smooth  wet  tone  in  the  stagnation  regiwn  with  a  uniform  water  film;  a  rough  sone  where 
surface  tension  effects  caused  coalescence  of  surfaco  water  into  stationary  beads;  a 
horn  sone  where  roughness  elements  grew  into  horn  shapes.*  a  runback  sone  whore  surface 
water  ran  back  as  rivulets;  and  a  dry  sone  where  rime  feathers  formed.  The  location  of 
the  transition  from  the  smooth  to  the  rough  sone  was  found  to  migrate  with  time  towards 
tho  stagnation  point.  The  behavior  of  tho  transition  appeared  to  ho  controlled  by 
boundary  layer  transition  and  bead  formation  mechanisms  at  the  interface  between  tho 
smooth  and  rough  senes.  Regions  of  wet  ice  growth  and  enhanced  heat  transfer  were 
clearly  observed  with  infrared  video  recordings  of  glase  ice  surfaces. 

Ilancman  formulated  a  three  rone  model  and  tested  it  by  forcing  tho  LEWICE  ico  accre¬ 
tion  module  to  have  three  zones.  A  sone  near  the  stagnation  region  was  modeled  by  tho 
original  control  volume  approach.  A  second  sone  was  modeled  as  froesing  all  the  water 
that  impinged  on  it.  A  third  sone  was  modeled  as  a  transition  sone  separating  the  o' her 
two  sones.  It.  the  transition  sone  tho  control  voltes  had  froesing  fractions  that  var¬ 
ied  linearly  from  the  value  vt  the  edge  of  tho  first  cone  to  a  value  of  unity  at  tho 
edge  of  the  second  sone.  Figure  17  shows  how  an  experimental  ice  shape  formed  on  a  cyl¬ 
inder  compared  with  the  predictions  made  by  the  unmodified  approach  and  by  tho  Hantman 
approach.  Hansman's  model  gave  results  far  superior  to  tho  unmodified  approach. 

Because  this  new  mulci-sono  model  holds  promise  of  being  moro  representative,  NASA 
>i  continue  to  conduct  fundamental  experiments  on  the  details  of  tho  ice  accretion 
process,  such  as,  closeup  movies  in  natural  icing  clouds  and  infrared  atudios  of  vho 
surface  of  the  ico  (Ref.  16) 


As  noted  earlier,  it  is  highly  desirable  to  replace  tho  potential  flow  code  in 
LEWICE  with  a  viscous  flow  code  that  more  accurately  modola  the  flowfield  and  also 
allows  a  direct  calculation  of  lift,  drag,  and  pitching  moment.  To  this  end,  HASA  is 
developing  two  viscous  flow  codes:  (1)  a  Reynolds  averaged  chin  layer  Havior-Stokos 
code  (ARC2D)  (Ref.  17),  and  (2)  an  interactive  boundary  layer  code  (IBL)  (Ref.  13). 

Both  of  those  codes  wore  designed  to  handle  clean  airfoils  and  aro  boing  extended  to 
handle  iced  airfoils  for  which  flow  separation  and  roattachmont  at  lower  angles-of- 
attack  is  not  uncommon.  The  IBL  code  is  attractive  for  inclusion  In  LEWICE  because  it 
utilises  a  potential  flow  code  which  requires  far  loss  computer  power  than  tho  Havlor- 
Stokos  code. 

A  comprehensive  experimental  data  base  for  validating  tho  viscous  flow  codes  is 
boing  developed  as  Fig.  18  illustrates.  A  HACA  0012  airfoil  model  was  modified  to  havo 
a  loading  edge  ico  shape  that  had  tho  gross  cross  sectional  features  of  an  Ice  shapo 
grown  in  tho  IRT.  but  also  had  a  goomotry  that  could  bo  accurately  digltisod  to  allow 
inputting  to  flow  analysis  codos. 

Figure  19  compares  tho  predictions  of  rho  ARC2D  and  IBL  codos  with  tho  experimental 
data  baso  described  by  Fig.  IB.  At  lower  anglos-of-attack,  bot-.h  codos  compared  well 
with  experiment.  At  tho  higher  anglos-of-attack  tho  IBL.  code  undorpredicted  tho  meas¬ 
ured  drag  levels.  At  theso  higher  angles  tho  ARC2D  node  predicted  unsteady  flow. 
Although  tho  IBL  code  appoarod  Inadequate  at  tho  high  alpuas  for  this  case.  Cobocl 
(Ref.  19)  shoved  that  tho  IBL  code  can  do  a  good  job  on  cloan  airfoils  boyoil  stall. 

HASA  is  supporting  grid  definition  studies  (Ref.  4)  and  also  developing  an  adaptivo 
grid  generation  code  that  should  prove  useful  for  generating  a  new  grid  for  oach  now 
time  stop  in  the  LEWICE  ice  accretion  calculation.  Anothor  supporting  effort  for  tho 
ARC2D  codo  is  tho  testing  of  various  turbulonco  models  such  as  the  Baldvin-Lomax  modol 
and  tho  Johnson-King  modol,  as  well  as  a  modol  developed  in-hovso  (Ref.  20). 

Work  is  continuing  on  improving  tho  two-dimensional  viscous  flow  codos  end  on  con¬ 
ducting  experiments  to  validate  thorn.  Tho  next  stop  is  to  begin  work  on  three- 
dimensional  codos  for  application  to  modorn  svept-vlng  aircraft.  To  this  end,  HASA 
is  conducting  wind  tunnel  testing  at  tho  Ohio  State  University  (Ref.  21)  on  three- 
dimensional  rectangular  and  swopt  semi-span  wings  with  and  without  attached  ico 
shapes.  A  data  base  similar  to  the  two-dimensional  data  baso  (see  Fig.  18)  will  bo 
acquired.  NASA  is  also  supporting  development  of  a  three  dimensional  Navior-Stokes 
codo  (Ref.  22)  that  will  be  validated  against  the  experimental  data. 


Although  a  great  deal  of  research  still  needs  to  ho  done  on  ice  secretion  modeling 
imd  Aeroperforosnco  penalties,  the  codes  presented  in  this  soction  are  representative 
of  the  best  available  at  this  time.  Many  organisations  in  the  ll.S.A.  are  using  these 
codes  as  research  codes  and  are  relaying  their  experiences  with  then  to  NASA  and  its 
grantees  and  contractors. 

AIRPLAWS  PlKTOWtANO:  AM)  STAMM  TV  AM)  CONTROL  CNANGKS  DUB  TO  ICING 

Since  Ice  will  accumulate  on  selected  surfaces  of  modern  aircraft,  and  since  fail¬ 
ure  of  any  ice  protection  system  will  result  in  ico  accumulations,  NASA  has  a  major  pro¬ 
gram  dement  to  study  the  effects  of  icing  on  aircraft  performance  and  stability  and 
control.  The  approach  employs  three  interrelated  elements:  analysis,  wind  tunnel 
experiments,  and  considerable  flight  testing  in  natural  Icing  clouds. 

In  the  previous  section,  wo  reviewed  NASA's  research  on  the  effects  of  icing  on  air¬ 
foil  aerodynamics.  In  this  soction  we  will  concentrate  on  flight  testing  In  natural 
icing  clouds. 


Baatta 

Tho  NASA  Lewis  icing  research  aircraft  shown  in  rig.  20  is  a  modified  Dollavlllar.d 
Dll-6  Twin  Otter  (Refs.  23  to  2S).  Tho  aircraft  is  equipped  with  electrothermal  anti- 
lcors  on  tho  propellers,  engine  Inlets,  and  windshield  Pneumatic  deicer  boots  aro 
located  on  the  wing  outboard  of  tho  ongine  nacelles,  on  both  the  horlsontal  and  vortical 
stabilisers,  on  the  wing  struts,  and  on  tho  roar  landing  gear  struts,  Tho  pneumatic 
doicors  located  on  the  vertical  stabiliser,  wing  struts,  and  landing  gear  struts  are 
nonstandard  items  that  provide  additional  rosoarch  capability  for  measuring  component 
drag  through  selective  deicing.  The  aircraft  is  equipped  with  several  standard  instru¬ 
ments  for  measuring  icing  cloud  properties  (Ref.  261. 

Wing  loading  odgo  Ice  shapes  are  measured  in  flight  with  a  stereo  photography  sys¬ 
tem.  Wing  soction  drag  Is  measured  with  a  wake  survey  probe  mounted  on  tho  wing  behind 
tho  region  whore  the  stereo  photos  are  taken.  A  nocoboom  Is  used  to  measure  alrspoed, 
angle-of-attack.  and  sideslip. 

A  complete  flight  tost  system  Is  being  built  up  to  moasuro  flight  dynamics  along  a 
flight  path.  Tho  system  will  Include  a  data  acquisition  system  and  an  Inertial  package 
that  contains  rata  gyros,  dlroctional  gyros,  ana  servo  accoloromotors. 

wing  Ico  Shapes  and  Drag 

Cne  purpose  of  tho  icing  flight  rosoarch  program  is  to  obtain  inflight  data  that 
can  bo  used  to  validato  computor  codes  and  to  confirm  that  tho  NASA  Lewis  Icing 
Rosoarch  Tunnel  adequately  simulates  natural  Icing.  Wo  have  flown  numerous  flights 
through  natural  Icing  clouds,  in  which  ico  was  allowed  to  build  up  on  tho  wing  leading 
odgo.  Tho  aircraft  was  then  flown  out  of  tho  cloud  Into  c.oar  oir,  where  stereo  photo¬ 
graphs  woro  taken  of  tho  ico  shape  and  a  drag  vako  survey  probe  was  moved  across  tho 
trailing  odgo  of  tho  wing  bohlnd  tho  ico  shape  (Ref.  20.  Figure  21  shows  the  ice 
shape  derived  from  tho  stereo  photos  and  Fig.  22  shows  tho  Increase  In  drag  versus 
angle-of-attack. 

Lator  this  year,  a  section  of  a  Twin  Otter  wing  will  bo  mounted  In  tho  IRT 
(Fig.  23).  and  ico  shape  and  drag  will  bo  measured  under  tho  same  conditions  as  in 
flight  so  chat  a  direct  comparison  can  bo  made  botwoon  flight  and  tho  IRT. 

Aircraft  Performance 

Airframe  icing  dogrados  aircraft  performance  by  reducing  lift  and  Increasing  drag. 
This  rosults  in  higher  stall  spoods.  lover  anglos-of-attack  for  stall,  lower  climb, 
lower  cruise,  and  lovor  pouor  margins  for  englno  out  performance.  Theao  f*i£i».man=o 
degradations  woro  moasurod  on  tho  icing  rosoarch  aircraft  for  a  wide  tango  of  Icing  con¬ 
ditions.  By  doicing  one  airframe  component  at  a  time  and  taking  a  set  of  performance 
measurements  after  Qach  doicing  event,  vo  obtained  lift  loss  on  tho  wing  and  rotative 
values  of  drag  incroaso  for  each  airframe  component.  For  somo  casos  power  roqulrod  ver¬ 
sus  power  available  was  moasurod  to  assess  tho  effects  on  cnqlne-ouc  performance 
(Rof.  27). 

Results  from  a  flight  in  glaso  icing  conditions  (Rof.  27)  aro  shown  in  Fig.  24. 

Tho  most  noclcoablo  changes  in  tho  lift  curvos  duo  to  ico  aro  lower  slopoc  ana  reduced 
Clmax*  The  test  aircraft  has  a  Cinax  of  approximately  1.4  in  tho  clean,  no  flap  config¬ 
uration.  With  ico.  Cjntax  1e  reduced  to  something  less  than  1.0.  The  loss  in  lift  that 
remains  after  doicing  all  components  is  largoly  because  the  portion  of  the  wing  between 
tho  englno  nacelles  and  fuselage  has  no  ice  protection.  Another  factor,  more  difficult 
to  ovaluato.  Is  tho  contribution  to  lift  loss  made  by  residual  ico  loft  on  tho  vings 
aftor  cycling  tho  deicer  boots. 

Figure  24  also  shows  tho  drag  increase  duo  to  airframe  icing.  To  a  pilot,  this 
translates  Into  degraded  aircraft  performance,  especially  in  tho  event  of  an  engino-out 
condition.  Figure  25  6hovs  tho  relationship  between  power  required  and  pouor  available 
under  tho  glare  icing  conditions.  Tho  incroaso  in  power  required  moans  lower  climb 
rates,  altitude  potential,  and  cruise  speeds.  These  factors  become  essential  for  tho 
pilot  to  consider  when  planning  his  options  under  an  engino-out  condition. 
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up  to  the  onset  of  shewing.  Wien  Ice  did  shed,  the  Inboard  radial  extent  (ton  which 
ice  never  shod  was  relatively  repeatable,  but  the  shed  tines,  locations,  end  quantities 
of  ice  shed  varied  substantially  from  run  to  run.  Although  considered  preliminary, 
this  data  will  be  useful  for  comparisons  with  the  predictions  of  ice  accretion  codes, 
rotor  performance  codes,  and  ice  shedding  models. 

figures  38  and  39  show  photos  of  the  OH-88  tail  rotor  tig  and  of  ico  accretions  on 
the  rotor,  and  Fag.  30  shows  rotor  torque  versus  time  during  a  typical  icing  encounter. 

A  detailed  report  of  theso  costs  is  in  preparation  and  will  be  published  as  Kef.  30. 

The  successful  test  of  the  OM-88  tall  rotor  hae  prepared  the  way  for  a  more  sophis¬ 
ticated  mode!  rotor  test  that  will  be  run  in  the  1RT  iater  this  year.  in  this  test,  a 

scale  model  of  the  tni-co  Blackhavk  (Fig,  38)  will  be  tested  vith  four  HACA  ooi:  rotor 

blades,  and  data  will  be  acquired  with  a  six-component  force  balance.  Ail  four  major 

0.5.  helicopter  companies  will  participate  in  the  test. 

ADVANCED  TWflOPROP  ICING  STUDIES 

NASA  Lewis  Research  center  has  been  the  0.5.  loader  in  managing  the  development  of 
the  new  hiqh  speed,  high  efficiency  aircraft  propulsion  system,  called  the  advanced  tur¬ 
boprop  (Atp) .  The  AT?  can  operate  efficiently  up  to  about  o.as  Maeh  numbers.  One  of 
the  ATP  technology  issues  that  requires  research  is  ice  protection  (Ref.  31).  Although 
aircraft  equipped  with  advanced  turboprops  will  cruise  at  altitudes  above  the  FAR  Part 
38  Appendix  C  Icing  envelopes,  they  are  expected  to  encounter  Icing  conditions  during 
ground  operation,  take-off,  climb,  descent,  low  altitude  hold,  and  they  may  cruise  with 
accreted  ice  obtained  at  the  lower  altitudes.  Of  primary  concern  is  the  potential  per¬ 
formance  degradation  of  ATP’s  in  icing  environments.  Advanced  turboprops  are  built  so 
ruggedly  that  it  is  unlikoly  that  asymmetrical  ico  sheds  will  poso  a  serious  vibration 
problem,  if  any  at  all. 

Whether  the  ATP  will  require  ice  protection  is  not  known  yot.  At  warmer  Icing  tem¬ 
peratures,  It  is  likoly  that  the  ice  can  be  shod  from  the  turboprop  blades  by  simply 
increasing  engine  rpm.  Out  the  ice  may  not  shed  at  the  coldest  icing  temperatures 
where  ice  adhesion  is  known  to  be  stronger.  Even  if  the  ico  can  be  shed  At  the  coldest 
temperatures,  some  residual  ice  may  cling  to  the  blades  and  cause  a  loss  in  lift  and  an 
increase  in  drag. 

To  study  the  effect  of  ice  accretion  on  ATP  performance.  NASA.  Hamilton  Standard, 
and  Pratt  L  Whitney  Jointly  conducted  an  icing  tost  program  at  tho  Fluidyne  Icing  Tun¬ 
nel  (Ref.  31).  The  testing  consisted  of  evaluating  tho  ice  accretion  characteristics 
and  resulting  aerodynamic  degradation  for  two  thin,  two-dimensional  airfoil  sections 
that  were  representative  of  advanced  turboprop  airfoils.  Tho  tests  were  conducted  over 
a  wide  range  of  Icing  conditions,  angles-of-attack.  and  Mach  numbers  (0.3  to  0.8).  At 
each  test  point,  tho  accreted  ice  shape  and  weight  were  recorded.  Airfoil  drag  and  sur- 
faco  pressures  were  measured  for  each  run. 

This  data  can  be  used  for  several  purposes:  (1)  to  compare  with  LEUICE  predictions 
of  ice  shape;  (3)  to  compare  with  lift  and  drag  predictions  in  the  literature;  (3)  for 
predicting  ATP  performance  in  icing;  and  (4)  for  constructing  a  composite  ice  shape 
that  could  be  bonded  to  the  leading  edge  of  ATP  blades  for  measuring  performance  losses 
during  flight. 

Other  proposed  efforts  under  consideration  for  the  longer  term  include  testing  of  a 
scale-model  ATP  in  the  !RT.  Tho  goals  of  theso  teats  would  bo  (1)  to  mossuro  perform¬ 
ance  changes  due  to  icing,  (3)  record  actual  ice  accretion  shapes,  (3)  observe  shedding 
characteristics,  and  (4)  use  tho  resulting  data  to  validate  propeller  performance  codes 
and  Ico  shedding  codes,  it  is  unlikoly  that  satisfactory  icing  scaling  lavs  will  bo 
found  for  relating  sub-scalo  model  testing  to  full-scalo.  Out  if  the  sub-scale  data 
can  bo  used  to  develop  fundaments!  computer  modols  for  predicting  changes  in  perform¬ 
ance  and  ice  shedding  charactorlatlcs.  we  may  be  able  to  bypass  tho  scaling  question 
and  use  these  models  to  predict  full-scalo  results. 

GROUND  DEICING  FLUIDS  FOR  WINTER  OPERATION 

The  Booing  Commercial  Airplanes  Company  and  NASA  conducted  a  joint  tost  program  in 
tho  IRT  to  evaluate  tho  Typo  I  and  Typo  XI  ground  doiuing  fluids  that  aro  used  by  tho 
Association  of  Europoan  Alrlinos  (AEA)  during  winter  operations  (Ref.  32).  Several 
experimental  fluids  wore  also  tested  as  possible  candidates  to  ceplaco  tho  then-current 
Typo  II  fluids.  Tho  object  of  the  tests  was  to  assess  tho  aerodynamic  performance  pen¬ 
alties  that  result  when  an  airplane  takes  off  with  ground  deicing  fluids  on  its  wings. 

Typo  I  fluids  are  propylono  glycol,  which  have  hold  times  similar  to  those  of  the 
ethylene  glycol  fluids  used  in  tho  U.S.A.  for  removing  ico  and  snow  from  aircraft  prior 
to  takeoff.  Typo  II  fluids  aro  non-Newtonian  (thixotropic)  fluids  whose  viscosity  var¬ 
ies  inversely  with  the  rate  of  shear  applied  to  tho  fluid.  Tho  Typo  n  fluid  is  also 
called  a  thickened  fluid,  bocauso  it  has  the  viscosity  of  a  gel  when  sitting  on  the 
wings  of  a  grounded  airplane.  Dut  during  takeoff,  the  air  rushing  over  tho  wings 
exerts  a  shear  stress  on  tho  fluid,  thus  reducing  its  viscosity  and  allowing  tho  fluid 
to  flow  off  tho  wing. 

Prior  to  the  IRT  tests,  tho  AEA  and  Boeing  had  conducted  a  joint  flight  test  pro¬ 
gram  on  a  Boeing  737  aircraft  to  ovaluato  tho  Typo  I  and  Typo  II  fluids  during  take 
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o ff.  Ths  results  of  those  tost*  wore  as  follows!  Putin?  takeoff,  as  the  airspeed  ever 
the  win?  Increased.  the  fluid  surface  became  wavy  and  the  fluid  began  to  tun  off  the 
vino,  out  it  algo  Accumulated  near  the  trailing  edge.  The  w«vlness  toughened  the  upper 
airfoil  surface,  And  the  fluid  accumulation  near  the  trailing  edge  dcrasbercd  the  air¬ 
foil.  doth  of  these  effects  caused  a  leas  in  lift,  an  Increase  in  drag,  and  a  reduced 
stall  angle-ef-actack.  The  last  effect  was  observed  later  in  the  wind  tunnel  tests, 
but  not  in  the  flight  tests  because  the  aireraft  was  not  flown  into  stall  while  so 
close  to  the  ground. 

Teats  were  conducted  nn  two  models  in  the  IRT:  (1)  a  o.on  scale  3D  half  model  ol 
the  Seeing  731-309  ADV  aircraft,  ami  (3)  a  o.is  scale  3D  airfoil  section  at  the  *5  per¬ 
cent  span  of  the  337-300  ADV  alreiafc  (Fig.  31  and  33  respectively).  Hind  tunnel  test 
objective*  were  as  follows;  (i)  correlate  wind  tunnel  and  flight  teat  measurement*  of 
aerodynamic  effects  of  de-/antl-icing  fluids;  (3)  evaluate  fluid  effects  that  could  not 
be  safely  performed  during  flight  tests;  (3)  expand  flight  test  results  for  parametric 
variations  of  temperature,  airfoil  configuration,  ami  fluid  formulation:  (a)  contribute 
to  the  data  base  for  establishing  aerodynamic  acceptance  standards  for  ground  do-/anti- 
icing  fluids;  and  (3)  obtain  data  that  contributes  to  a  physical  understanding  of  the 
lift  loss  mechanism. 

The  data  obtained  ft  on  the  wind  tunnel  tests  included  (l)  model  force  data  from 
internal  balances;  (3)  surface  static  pressures;  (3)  initial  fluid  film  depth  from  a 
gap  gauge,  (4)  fluid  film  depth  from  a  relationship  between  depth  and  photographed  fluo¬ 
rescent  Intensiry  (a  fluorescent  dye  added  to  the  fluid  and  illuminated  with  ultra¬ 
violet  light):  ( s )  video  recordings  of  fluid  flow-off  characteristics:  and  («)  boundary 
layer  velocity  profiles. 

Typical  results  are  shown  in  bar  chart  form  in  Fig.  33  where  the  percent  loss  In 
lift  at  6*  angle-of-attaek  and  also  at  stall  are  presented  for  the  Type  1  (labeled  1) 
and  Type  it  (labeled  3}  fluids  and  eight  experimental  Type  it  fluids.  All  of  the  exper¬ 
imental  fluids  shewed  lover  lift  loss  than  the  then-current  Type  It  fluid,  and  the  loss¬ 
es  for  the  experimental  fluids  were  comparable  to  the  losses  for  tho  Type  1  fluid. 

An  important  outcome  of  this  test  program  was  that  the  experimental  Type  11  fluids 
tested  in  the  1ST  in  April  1909  have  now  become  the  current  operational  fluids  in 
Europe.  Another  significant  outccae  is  that  those  Quantifiable  teat  results  showed 
that  these  new  Type  I!  fluids  do  not  degrade  takeoff  aerodynamic  performance  anymore 
than  do  the  Type  1  fluids.  The  Type  11  fluids  have  been  shown  by  tho  AEA  to  have  far 
greater  holdover  times  than  the  AEA  Type  !  fluids. 

HASA  also  is  funding  research,  by  Dr.  C.S.  Ylh  at  the  Univorsity  of  Florida  to 
derive  an  analytical  model  of  the  surfaco  Instability  that  causes  tho  fluid  waves  on 
tho  airfoil.  Dr.  Yih  has  identified  the  instability  ss  being  driven  by  tho  largo  fluid- 
to-alr  viscosity  ratio.  He  has  also  derived  dimensionless  parameters  that  should  be 
preserved  during  scale  model  testing  to  assure  that  model  test  results  will  represent 
full-scale  results.  A  paper  on  tho  analytical  formulation  And  mathematical  solution 
will  be  published  later. 

DROPLET  SIZIMO  INSTRUMENTATION  FOR  1C1HO  C10UD5 

Very  accurato  droplet  site  data  is  needed  to  validate  droplet  trajectory  codes, 
such  as  tho  one  used  in  LEW1CE.  And  automated  droplet  siring  systems  are  needed  to  cal¬ 
ibrate  the  IRT  in  a  shorter  time  and  with  far  fewer  personnel  chan  wore  employed  In  tho 
oarlier  calibration  program  of  tho  1950‘s.  NASA's  droplet  siring  effort  is  divided 
into  two  parts:  (1)  research  to  devise  methods  of  calibrating  and  chocking  tho  accuracy 
of  existing  droplet  sizing  Instruments:  and  (2)  development  of  &  new  instrument  that 
promises  to  overcome  some  of  tho  known  problems  of  tho  existing  instruments. 

£?. Vibration  Dovlcos  for  Existing  Hind  Tunnol  and  Flight  instruments 

Reference  33  presents  a  detailed  review  of  the  droplet  siring  research  conducted  to 
understand  the  calibration  and  operation  of  two  instruments  manufactured  by  Farticlo 
Measuring  Systems,  Inc.  (PMS):  tho  FSSP  (forward  scattering  spoccromotor  probo)  and  OAP 
(optical  array  probo). 

A  rotating  pinhole  dovlco  (Fig.  34)  was  developed  (Refs.  33  and  34 )  to  chock  tho 
calibration  of  tho  FSSP.  A  calibration  curvo  of  the  FSSP  using  rotating  pinholes  Is 
given  in  Fig.  3S.  Tho  value  of  this  device  is  that  it  can  bo  Inserted  Into  tho  FSSP 
probo  voluao  at  anytime  to  chock  vhothor  tho  instrument  is  scattering  light  into  tho 
correct  droplet  size  bin.  This  device  can  uncovor  misalignment  of  tho  laser  or  its 
optical  system,  it  can  measure  optical  parameters  such  as  dopth-of-fiold  and  optical 
collection  angles,  it  can  detect  dirt  or  other  contamination  on  tho  laser  optics,  and 
it  can  detect  problems  with  tho  electronics  systems.  The  device  has  proved  invaluablo 
in  tho  cocent  calibration  of  tho  IRT,  whore  it  was  demonstrated  that  such  a  calibration 
device  is  absolutely  essential  to  tho  proper  fiold  operation  of  the  FSSP. 

HASA  has  checked  tho  siring  accuracy  of  the  FSSP  by  throe  methods:  (1)  pinholes, 

(2)  glass  beads,  and  (3)  a  water  droplet  generator.  The  results  of  those  checks  are 
shown  in  Fig.  36  whore  it  can  bo  soon  that  at  the  mid  to  upper  range  of  the  FSSP,  tho 
measured  droplet  siro  begins  to  depart  significantly  from  tho  actual  size.  Thus  in 
clouds  with  largo  droplets,  tho  FSSP  would  undersize  tho  median  volume  diameter 
S  to  10  pm. 
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Tii a  Optical  Array  Probe  (OAP)  is  used  to  erasure  droplets  frost  10  to  620  pa.  NASA 
has  developed  a  rotating  reticle  calibration  disk  for  the  OAP  that  provider  absolute 
calibration  over  the  entire  else  range  of  the  OAP  (Refs.  33  and  33).  Figure  37  shoes 
the  calibration  curve  for  the  OAP  using  the  rotating  reticle. 

Khen  calibrating  tho  icing  cloud  in  the  1RT.  both  the  FSSP  and  the  OAP  vore  required 
because  the  droplet  site  range  extended  beyond  the  range  o!  tho  FSSP  alone.  Thus 
results  frost  cho  OAP  and  FSSP  had  to  bo  spliced  together  to  obtain  a  continuous  droplet 
distribution.  Unfortunately,  the  splicing  process  is  not  exact,  and  since  the  median 
voluao  diaaotor  (MVD)  of  the  cloud  is  extremely  sensitive  to  tho  number  of  larger  drop¬ 
lets,  tho  measurement  of  the  larger  MVS's  has  an  indeterminate  uncertainty. 

BeyjBlOftMBit-Qf  a  Kind  Tuiiitel  ana  PIlghi_ln«rigont 

A  never  instrument  dovolopod  by  Aerometrles.  Inc.,  named  tho  Phase  Doppler  Particle 
Analyser  iPDPA) ,  shows  promise  of  eliminating  some  of  the  limitations  we  have  in  cali¬ 
brating  the  IRT  with  the  FSSP  and  OAP  (Ref.  33).  NASA  has  worked  very  closely  with 
Aoroeotrics  to  upgrade  tho  laboratory  PDPA  instrument.  Those  upgrades,  which  contor  on 
cho  signal  processor,  will  result  in  the  following  improvements i  (l)  measurement  of  par¬ 
ticles  with  velocities  representative  of  flight  speeds:  (2)  Increase  in  dynamic  else 
range  from  33  to  SO  (dynamic  else  range  is  the  ratio  of  largest  particle  sice  to  small¬ 
est  particle  sise):  and  (3)  greater  site  accuracy  at  high  speeds  and  dense  sprays. 

Those  upgrades,  when  completed,  should  allow  us  to  use  a  single  Instrument  for  measuring 
tho  entire  operating  onvolopo  of  tho  IRT  cloud. 

Currently,  tho  PDPA  is  a  laboratory  instrument  that  can  probe  clouds  up  to  about 
2  ft  in  depth.  Out  in  its  present  form,  it  cannot  bo  used  in  tho  IRT,  whose  test  sec¬ 
tion  is  l .82  by  2.74  m  (6  by  9  ft),  dor  can  it  bo  used  in  an  aircraft  to  sample  clouds. 

To  convert  tho  laboratory  PDPA  for  uso  on  aircraft  or  tho  IRT,  Aoronetrics  was  awarded 
Phase  I  and  Phase  II  Small  Business  Innovative  Research  contracts.  For  tho  flight  ver¬ 
sion,  a  small  transmitter  and  receiver  unit  will  bo  placed  in  tho  cloud  and  the  laser 
light  will  be  sent  to  and  from  tho  unit  by  fibor  optic  cables.  Tho  Phase  II  contract 
is  for  2  years  and  is  just  getting  under  way. 

EXPERIMENTAL  ICING  FACILITIES 

The  NASA  Icing  Research  Tunnel  has  for  sovoral  yoars  boon  ono  of  NASA's  most  heavily 
scheduled  wind  tunnels,  with  tests  scheduled  up  to  two  yoars  In  advanco.  In  1988,  tho 
tunnol  logged  1330  tost  hours,  which  is  cho  hlghouu  annual  usago  on  record  since  1930. 
Tho  IRT  is  tho  largest  refrigerated  tunnol  in  the  world.  Tho  tost  section  is  1.82  m 

high  by  2.74  m  vido  by  6.09  ra  long  (6  ft  high  by  9  f.t  wido  by  20  ft  long).  Its  maximum 

airspeed  empty  is  134  m/soc  (300  mph),  and  its  maximum  airspeed  with  a  model  installed 
depends  on  the  model  blocXago.  Tho  IRT  can  provide  tunnol  total  temperatures  from  0  to 
-33  *C  (+32  to  -30  *F).  Two  different  sots  of  nozzlos  are  avallablo  for  producing 
supercooled  icing  clouds  that  cover  most,  but  not  all,  of  cho  FAA  Part  23  Appendix  C 
icing  envelopes. 


Rocont  Rehabilitation  of  tho  NASA  Icing  Rosoarch  Tunnol 

Two  years  ago.  tho  IRT  undorvonc  oxtonsivo  renovations  aimed  at  improving  its  rol la¬ 
bility  and  productivity.  Tho  major  improvements  aro  as  follows:  (1)  a  now  spray  bar 
system,  which  has  eight  bars  to  provido  a  more  uniform  cioud  than  did  the  original  six 
bars:  (2)  a  new  3.73  MW  (5000  hp)  drive  motor;  (3)  now  solid  state  controls  for  the 
drive  motor;  (4)  a  now  distributed  process  control  system,  which  providos  programmable, 
digital  control  of  tho  drive  motor,  the  refrigeration  system,  tho  spray  bar  system,  and 
other  support  systems:  (5)  a  +hroo-timos-largor  control  room  with  vastly  improved  acous¬ 
tics;  \6)  now  electrical  power  supplios  for  operation  of  aircraft  tobt  models  while  in 
the  IRT;  and  (7)  replacement  of  all  wooden  floors  with  concroto  floors. 

Figure  38  shows  a  schematic  of  tho  IRT  t\cv  circuit  and  Identifies  the  components 
that  wore  rehabilitated.  Thoso  improvements  not  only  have  Increased  productivity,  but 
also  havQ  provided  now  tost  capabilities.  For  oxample,  cho  Booing/NASA  ground  deicing 
fluids  cost  program,  which  required  ramping  the  IRT  airspeed  to  simulate  takeoff,  could 
not  have  boon  done  with  tho  old  drive  motor  and  controls. 

Rocalibratlon  of  the  NASA  Icing  Rosoarch  Tunnel 

Tho  purpose  of  the  IRT  is  to  simulata  a  flight  through  natural  icing  clouds.  Tho 
quality  of  that  simulation  depends  on  its  calibration  for  the  following  parameters: 
tho  aorothormodynamlc  variables  of  airspeed,  temperature,  and  turbulence  lovol;  and  the 
icing  cloud  variables  of  liquid  voter  content  and  droplet  size.  Other  simulation 
issues,  such  as  scaling,  aro  resolved  by  analyses  and  oxperimontal  technique. 

Tho  recent  calibration  included  all  of  tho  above  parameters.  Figure  39  shows  a  pre¬ 
liminary  droplet  size  calibration  for  tho  IRT  “standard"  nozzles.  Figuro  40  shows  the 
IRT  operating  onvolopo  for  both  the  "standard"  and  "mod  1“  nozzles  at  a  tunnol  airspeed 
i  of  (112  ra/soc)  250  mph.  This  was  the  first  recalibration  of  the  spray  nozzlos  since 

j  1956.  One  improvement  over  the  old  calibration  is  that  the  upper  limit  on  calibrated 

j  MVD  droplet  size  has  been  increased  from  20  to  40  pm. 
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frbinel. Jl^Mlen-Vgrg\)8-WacMrai_?nrir»qht  Tests 

Flow  turbulence  lev*  l  is  always  sn  element  of  concern  in  an  icing  tunnel  because 
both  the  physical  blecki  )c  of  tptsy  bats  and  the  water  and  air  that  cose  nut  of  tho 
spray  bars  should  affect  turbulence.  Since  turbulence  level  in  the  IRT  would  affect 
both  the  ice  secretion  process  and  the  evaluation  of  thermal  ice  protection  systems, 
users  often  want  to  know  about  tho  IRT*e  turbulence  level  and  if  it  adequately 
simulates  inflight  conditions. 

The  turbulence  level  In  the  IRT  test  section,  as  assured  by  VanTossen  (Ref.  37) 
with  hoc  wires,  is  about  o.S  percent  when  the  water  and  air  to  the  spray  bars  are 
turned  off.  Obviously,  the  turbulence  level  cannot  bo  measured  with  the  cloud  on 
because  tho  vater  droplets  striking  the  hot  viros  would  invalidate  their  readings. 

Dut  wo  have  tried  to  measure  wo  turbulence  level  with  the  hot  (no  'FI  spray  bar  air 
turned  on.  At  first  it  appeared  that  a  valid  hot  wire  reading  was  possible,  but  after 
careful  study.  VanFosaen  decided  that  filaments  of  tho  hoc  spray  bar  ' 'r  say  have  been 
hitting  the  not  wires  and  giving  incorrect  readings. 

To  address  the  heat  transfer  question  for  tho  IRT,  NASA  measured  heat  transfer  per¬ 
formance  on  a  MCA  0012  airfoil  (53.3  cm  (21  in.)  chord)  in  the  IRT  (with  hot  spray  bar 
air  turned  on)  and  compared  it  with  heat  transfer  performance  on  tho  same  eodoi  in 
flight  {Hot.  38).  The  model  was  extended  out  the  overhead  hatch  of  the  Twin  Otter  as 
shown  in  Fig.  41.  Figure  42  shows  a  plot  of  Frossling  number  versus  location  on  tho 
airfoil  for  'lata  taken  in  flight  and  In  tho  IRT  (Ref.  30).  Tho  figure  shows  chat  there 
is  no  distinguishable  difference  between  heat  transfer  in  flight  u.id  in  the  IRT. 

FWDAK124TAI.  STUDIES  IN  ICIH3 

NASA  maintains  a  strong  effort  in  icing  fundamentals,  which  is  tho  backbone  of  any 
program  that  is  developing  now  computer  codes  and  now  'sac  techniques.  We  have  already 
described  several  fundamental  studies,  for  example.  In  formulating  a  now  description  of 
the  ice  accretion  process,  and  in  obtslning  fundamental  flowfield  data  for  flow  over 
ice  shapes  that  cause  flow  (operation  and  reattachment.  In  this  section  we  review  work 
on  two  important  problems:  icing  cealing  laws,  and  structural  and  adhesive  properties 
of  in-flight  ico. 


Iclnn  Scaling  haws 

Tho  proposed  or  desired  tost  matrix  for  sn  icing  test  usually  involves  tho  follow¬ 
ing  variables:  airspeed,  outside  air  tenperaturo.  altitude,  cloud  liquid  water  con¬ 
tent,  cloud  droplet  also  distribution  or  median  volume  diameter,  and  model  else  or 
scalo.  In  a  flight  tost  in  natural  icing,  or  in  an  artificial  cloud  behind  an  ln-flignt 
spray  tanker,  chances  are  chat. tho  exact  sec  of  variables  desired  will  be  unattainable. 
In  a  wind  tunnel  test,  certain  combinations  of  variables  also  will  bo  unattainable. 

For  cxamplo.  most  icing  wind  tunnels  havo  maximum  airspeeds  far  below  tho  speods  of  mod¬ 
ern  transport  or  military  aircraft.  And  duo  to  tho  practical  limits  on  notslo  turn-down 
ratios  and  nosslo  droplet  olso  ranges  no  wind  tunnel  can  achieve  the  full  FAA  Part  23 
Appendix  C  operating  envelopes  over  tho  full  spood  range  of  the  turnul. 

If  tho  desired  tost  variables  cannot  bo  mot.  tho  oxporlmontor  must  resort  to  some 
form  of  scaling.  Various  objectives  can  bo  imagined  for  any  particular  scaled  tost: 

(1)  a  geometrically  similar  ice  shspo;  (2)  sn  equivalent  drag  coefficient  for  the  ice 
shape/modol  combination:  (3)  tho  same  water  flux  around  tho  airfoil  loading  edgo;  (4) 
the  snmo  heat  transfer  results  for  a  thermal  ice  protection  system:  (5)  rlmo  icing  con¬ 
ditions  (l.o.,  all  water  must  freoso  immediately  upon  impact):  and  so  on.  Scaling  laws 
havo  always  been  used,  but  never  rigorously  validated  (Ref.  40).  This  doos  not  mean 
tho  tests  wore  dona  incorrectly,  for  icing  has  boon  and  always  will  be  part  sulenco  and 
part  art.  This  is  why  inflight  testing  in  notural  icing  clouds  always  will  bo  a 
roquired  part  of  tho  cortlf icatlon/qualif ication  process. 

Reference  40  glvos  a  good  bibliography  of  the  work  done  previously  on  scaling.  Host 
of  those  works  on  scaling  roly  on  an  analysis  of  tho  ico  accretion  procoss  described  by 
Kessinger  (Ref.  13)  over  30  years  ago.  Now  Insights  into  the  ice  accrotion  procoss  by 
Olsen  (Ref.  14)  and  Hansman  (Refs.  15  and  16)  have  led  Dilanin  (Rot.  41)  to  apply  tho 
Buckingham  pi  theory  to  tho  ico  accrotion  problem.  Bilanin  showed  that  tho  normalised 
thicknosc  of  the  ico  accreted  on  tho  airfoil  is  a  function  of  18  nondlroonsional  groups. 
Although  many  of  the  groups  are  satisfied  in  any  scaling  tost,  thero  exists  a  problem 
holding  Mach,  Reynolds  and  Hobor  nuobor-  constant  between  tests.  Ho  concluded  that  the 
old  Mossingor  formulation  may  bo  inadeg..  ,o,  and  that  improved  ico  accretion  scaling 
nay  roquiro  a  bettor  match  in  Roynolds  number  and  consideration  at  tho  physics  of  water 
film  and  droplet  splash  dynamics  on  tho  airfoil  surface. 

In  Ref.  ^l  Bilanin  concluded  that  competing  physical  effects  do  not  in  general 
allow  a  rigorous  scaling  mothodology,  but  an  acceptable  approximate  scaling  scheme  may 
be  possible.  Ho  has  suggested  a  series  of  tests  on  rotating  and  nonrotating  cylinders 
to  validata  tho  approximate  schemos.  NASA  plans  to  participate  in  a  joint  Air  Force/ 
FAA/HASA  program  to  curry  out  those  si 3gostod  tests  later  this  year. 

Structural  and  Adhesive  Properties  of  In-Flight  Ice 

Over  the  past  5  years,  HASA  has  supported  a  co-  is,  but  low-levol  effort  tc 
study  the  structural  properties  of  ice  formed  in  Ms  work  is  described  in 

References  42  to  47.  Ico  formed  in  flight  or  if  .ig  tct<  'unnol  results  from 


supercooled  water  droplets  impacting  a  surface  at  21*ght  speed  or  wind  tunnel  alrspeeo. 
Ke  refer  to  Ice  so  formed  as  Impact’  Ice.  Impact  Ice  can  vary  In  type  over  a  wide 
range,  depending  on  the  liquid  water  concent  and  droplet  site  distribution  in  the 
cloud,  on  the  outside  air  temperature,  and  on  the  droplet  velocities.  The  adhesion  of 
ice  to  a  surface  depends  not  only  on  the  type  of  ice  forced,  hut  Also  on  the  roughness, 
porosity,  and  other  fundamental  properties  of  the  surface.  The  statistical  variation 
of  ice  properties  free  one  test  to  the  next  is  s  teal  phenomenon.  Ana  it  must  be 
Accounted  for  in  the  design  of  systems  that  depend  on  ice  shedding  for  their  operation. 

The  overall  objectives  of  the  project  are  (1)  to  measure  the  structural  properties 
of  (space  ice.  such  as,  basic  tensile  properties,  adhesive  characteristics,  and  peel 
properties  and  (2)  to  develop  finite  element  analytical  methods  for  use  in  the  analysis 
and  design  of  deicing  systems  and  icing  testing  apparatus. 

Test  apparatuses  have  been  designed  to  measure  oach  of  tho  three  basic  mechanical 
properties:  (1)  tensile  (Young's  modulus  (E),  and  ultimate  tensiio  strength  of  impart 
ice  in  a  direction  transverse  to  the  direction  of  ice  growth):  (2)  shear  (adhesion);  and 
(3)  peeling.  Data  has  been  obtained  en  both  adhesive  shear  strength  of  impact  ices  and 
peeling  forces  for  various  icing  conditions,  being  studied  are  the  Influences  of  hoy 
parameters,  such  as,  tunnel  temperature,  wind  velocity,  water  drop  else,  substrate  mate¬ 
rial,  substrate  surface  temperature,  and  ice  thickness.  A  finito  element  analysis  of 
the  shear  test  apparatus  was  developed  in  order  to  gain  more  Insight  into  the  evalua¬ 
tion  of  the  test  data. 

Measurements  indicate  that  surface  roughness  has  a  major  effect  on  the  aohesivo 
shear  strongth.  Additional  adhesive  shear  strength  tests  aro  planned  in  which  the  sur¬ 
face  roughness  will  be  systematical Jy  varied. 

Fixed  airfoils,  rotor  blades,  and  propellers  are  being  studied.  J*»  these  studies, 
the  adhesive  shear  strength  of  the  Impact  ice  is  an  important  parameter.  Surface  rough¬ 
ness  and  tho  statistical  nature  of  tho  data  muse  be  considered.  For  rotating  surfaces, 
not  only  is  tho  adhesive  strength  important  but  also  the  tensiio  strength  of  the  ice 
perpendicular  to  the  direction  of  growth.  At  the  present  time,  tho  finite  Qlomenc 
analysis  of  rotating  airfoils  is  being  emphasised.  Analytical  results  will  be  compared 
to  recent  data  from  the  011-58  tail  rotor  tests  In  tho  IRT.  The  statistical  nature  of 
tho  fracture  of  Impact  ico  will  be  considered  in  tho  analysis. 

The  NASTRAM  finite  element  code  was  also  used  to  predict  deicing  of  an  EIDI  ico  pro¬ 
tection  system,  far  which  experimental  data  was  available  (Ref.  46).  Evan  though  addi¬ 
tional  correlations  with  other  data  are  needed,  results  from  this  Initial  study  wore 
encouraging. 

There  is  a  possibility  that  a  fracture  mechanics  approach  could  be  usod  to  predict 
the  pealing  of  ice  from  deicing  systems  such  as  a  pneumatic  boot.  Data  obtained  from 
pealing  measurements  is  being  reduced  to  obtain  tho  critical  stress  intensity  constant 
of  fracture  mechanics. 
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The  renewed  incorest  in  evaluaiing  lit*  perfsrnance  degradation  ft  helicopters 
Out  to  Icing  hae  resulted  In  tin*  develeptwnt  nf  aeihodologtea  to  analytically 
predict  the  aerodynasle  degradation  inereuent.  The  progress  in  wndorscandlng  the 
basic  Icing  (ethnology  1*  reviewed  citing  rnjor  references.  The  analytic** 
aethedology  la  than  susurixcd  with  respect  to  perforaance  degradation  of 
propeller*',  helicopter  in  hewer,  helicopter  in  forward  flight,  and  the  forerunner 
of  the  V.»  Osprey,  th*  XV-1S  propulsion  aode(e).  The  txperlaencel  studies  of  the 
JtACA  001]  airfoil  wltb/vUhswc  generic  ice  and  the  node!  helicopter  win  rotor 
experlnente  wlth/vlthout  generic  bio  are  reviewed.  Sated  upon  there  reawlta, 
reflneacnts  are  auggeated  to  the  current  netlvodalogy  with  respect  to  near  tera/far 
tern. 

ItffltODOCTIOS 


The  preaenc  eapliatla  on  perforaance  degradation  of  helicopters  due  to  icing 
haa  resulted  because  of  tho  desire  to  tncreaso  the  overall  utflliatlon  of  the 
helicopter  with  a  ainlaua  of  weather  associated  restrictions.  Rotorcraft  icing 
raaearch  requlreaents  have  been  identified  at  early  aa  1981  by  Teteraon,  et 
el ,fl),  vhera  the  required  analytical  prediction  nethoda  and  test  techniques 
necessary  to  define  the  Ice  accretion  nechantsa  have  been  outlined.  These  areas 
are  related  to  the  discussion  of  the  overview  of  helicopter  Ice  protection  spate* 
developaenta  by  Adas*(2)  covartng  such  areas  at  aeteorologlcal  design  criteria, 
flight  teat  objectives,  alcruwave  concept,  eieqtro-itrpulae  concept,  pneuaacle 
wwtrceps,  Vibratory  concept,  and  ict  phobic  coatings.  That  It,  Co  address  the 
areas  of  Ice  protection  ayateaa,  prior  knowledge  of  the  bails  nechantsa  of  the 
ice  accretion  process  Bust  be  known  before  identifying  ares*  of  needed  research. 
Tl>»  details  of  this  approach  have  been  further  enhanced  by  abort  and  long  range 
Icing  research  program  reeoaaended  by  Ko«gebothn()>  to  NASA  lewis  Research  Center 
in  1981.  These  recotasendatlona  were  a  rerult  of  a  survey  of  vaiioun  industry  and 
governsenc  agencies  to  obtain  their  views  of  needs  for  cosaereial  aviation  ice 
protection. 

Tha  generality  of  these  plana  for  Icing  progress  have  distinct  advantages  In 
identifying  areas  of  research,  however,  the  solution  oust  also  be  provided  to  a 
specific  sec  of  coapllcsted  problem  dealing  with  perforaence  degradatlon/lce 
protection  on  rotating  system.  At  pointed  out  by  Sand(A),  aircraft  icing 
continues  to  be  listed  by  the  National  Transportation  Safety  hoard  (KTS8)  as  a 
cause  or  factor  in  nany  aircraft  accidents,  e.g.,  286  accidents  in  a  recent  seven 
year  period.  Uith  regards  to  helicopter  ice  accretion  and  protection,  Censdsl«(5) 
has  pointed  out  that  the  min  effect!  of  rotor  icing  arc  alrst  en  increase  in 
rotor  torque  resulting  in  en  increaied  horsepower  to  uincain  a  given  flight 
condition,  an  increase  in  vibration  levels  and  control  loads,  and  a  general 
decrease  In  the  extent  of  the  perforaence  envelope.  The  rate  at  which  this 
perforaance  degradation  due  to  Icing  takea  place  la  obviously  dependent  on  the 
ataoepherlc  Icing  condition  end  the  particular  type  of  helicopter.  In  the  aoat 
severe  cases,  both  rotor  torque  and  control  Halts  can  be  reached  in  leas  than 
one  alnute  after  encountering  an  Icing  condition. 

At  noted,  tha  lntaratc  In  tha  lee  accretion  procasa  on  rotating  system  is  s 
result  of  atteaptlng  to  widen  the  perforaance  envelope  end  to  saslst  In  the 
definition  of  an  lea  protection  systca,  Much  effort  has  been  expended  In  the 


pursuit  •(  wndemand.trg  the  lc*  ecerxtlen  pr*<»*«  both  theoretically  *r4 
experimentally.  To  Oil*  end.  th*  analytical  and  experimental  exarnimten  it  the 
effect  #f  telng  cite*  1940  hit  been  coveted  In  the  civile  d*cu<w nt  ef  **vden.  »t 
al.M).  Uaued  by  the  roderat  Avlstivn  AuOxrlty  (TM)  In  MO  arvd  nhmd  te  a* 
lb#,  "Icing  SlbU*.  This  cry *t*  th*  basic  topics  of  Icing  data 
tiulHid,  physic*  of  It*  collection,  ef  protection,  appUcstUtvi  (• 
aircraft  and  hellceptera,  Ice  detector*,  Ic*  protection  and  cutthrel*. 
Thl*  decumant  1«  currently  being  rewritten  under  contract  in  th*  PM  by  Um 
Uarjtt,  Itte,  reflecting  the  current  Mate  *f  the  art  end  should  bn  *v«l)»bl*  u 
the  public  In  MM.  I AA  A54>4,  which  I*  r«  on*  volume,  “111  result  In  Mv* 
v«lu»«*  --ben  n“?tiun  reflecting  Ox  a4v«tw<»  that  have  been  mads  else#  th* 
MSQ”*.  Also,  tl  Ij  anticipated  that  updates  by  aeetlon  will  occur  every  two 
year*.  again  <•  reflect.  the  advance*  In  Icing  tethnolegy. 

Even  though  considerable  progress  has  been  na 4*  In  the  understanding  of  the 
Ue  accretion  process,  the  complexity  of  th*  problem  U  indicated  by  Ox  number  ef 
related  discipline*.  fat  «**»?!*  meteorology,  elewd  physics,  M«  fwtww 
oethante*.  and  rhysle*  of  lc«  collection  l»  mention  *  few.  M»»  m  point  out  the 
preseht  lack  of  understanding  In  term*  of  baste*,  H  may  be  noted  that  the  It* 
shape*  found  <in  fixed  wins  configuration*  hove  been  (ItillfM  Into  two 
categoric*.  l.t.,  rloe  end  glare,  end  the  type  of  It*  encountered  I*  dependent  on 
Ox  meteorological  condition  end  geometry.  Tho  foroetlon  of  rloe  Ite  i«  fairly 
well  undemood,  however,  the  formation  of  glase  lc«  hed  been  associated  with 
•runbaek*.  01s«n(J)  In  o  movie  oede  In  MW  end  available  fro*  HWA,  hee 
Indicated  thet  thl*  may  not  be  lK«  eeio  end  explain*  e  process  verified  by  frexo 
enlargement*  of  experimental  glase  Ic*  occretlon  on  on  etrfolt.  Iteneaen  end 
TVinwckl*)  In  o  Inter  otudy,  conducted  a  mien  of  experimental  Investigation* 
dealing  with  the  prlaety  fectore  thet  control  the  behavior  of  surface  water  during 
gleto  Ice  accretion.  In  thl*  Investigation,  distinct  tonos  of  surface  water 
behavior  vor*  found  consisting  of  a  smooth  v«t  tone  In  the  stagnation  region,  a 
rough  ton*  where  surface  tension  effects  produced  coalescence  of  surface  water 
Into  stationary  beads,  and  a  tone  where  surface  water  ran  back  aa  rivulets.  These 
authors  have  suggested  that  existing  Ice  occretlon  models  could  be  Improved  by 
dividing  the  surface  Into  two  tones  which  reflect*  this  surface  water  behavior. 
In  tho  first  region,  tho  existing  *«esslnger‘type  models*!})  would  be  valid  since 
It  represents  thin  Mia  runback,  further,  as  lUnsman  and  Turnock  oephaslse,  the 
remaining  Ice  surface  oust  b«  treated  es  a  "rough*  tone.  However,  when  dealing 
with  a  rotating  system,  the  Ice  accretion  process  It  further  coepllcated  since  aa 
pointed  out  by  Cansdale  and  Cent(IO),  both  rise  and  glate  ice  accretion  can  take 
place  on  a  helicopter  main  rotor  blade  under  ene  perfaraance/aeteorologlcal 
condition. 

Ic  te  the  purpose  of  this  paper  to  review  some  of  the  aajor  developments  In 
the  Investigation  of  the  icing  area  with  regards  to  the  aerodynamic  degradation  of 
airfoils  hence  performance  degradation  of  rotating  systems.  Tills  will  be  followed 
by  a  review  of  the  current  meOiodologles  that  have  been  developed  under  NASA 
sponsorship  at  applied  to  specific  problems  that  are  of  Interest,  Aa  a  result  of 
this  review,  the  areas  for  furthsr  research  can  be  defined  In  terms  of  suggested 
refinements  to  the  current  aeOiodology. 
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Early  attempts  In  evaluating  performance  degradation  due  to  ice  accretion  on 
rotating  systems  dealt  with  not  only  natural  icing  encounters  but  also  simulated 
Ice  Corson  and  hsynard(li)  in  1946  used  simulated  ice  on  propeller  blades  and 
measured  average  efficiency  losses  on  the  order  of  three  percent,  with  maximum 
losses  of  fifteen  percent.  In  MAS,  Preston  sod  Blackaan(lJ)  undertook  e  series 
of  flight  tests  In  which  eversge  decreases  of  roughly  ten  percent  In  propeller 
efficiency  due  co  Ice  formation  uere  noted.  This  study  vis  of  special 
significance  sines  the  authors  made  an  attenpc  to  examine  Che  effects  of  Ice 
accretion  on  all  major  components  of  the  aircraft,  feasibly  tho  most  complete  and 
Informative  work  relative  to  tea  accretion  on  propellers  was  performed  and 
documented  by  Neal  and  Brighc(l))  in  I960.  In  a  aeries  of  flight  testa  in  which 
efficiency  loss  was  measured  during  natural  icing  encounters,  observed  value*  of 
approximately  ten  percent  in  mote  cases  ulth  maxima*  lossaa  on  the  order  of  twenty 
percent  were  noted.  Some  early  experimental  work  In  dealing  with  da*lelng  on  full 
scale  counterrotating  propellers  was  conducted  by  Haywood  and  Hajy(lA),  The 


*t  these  experiment*  was  is  run  the  A.i.H.  M.  prspeller  <)itn  under 
artificial  icing  cendltlen*  to  pr*v*  tUt  the  engine  antMcIng  and  yf«p*lter 
deicing  *y*t»m*  **te  adequate  Ur  the  4e* tgn  f*v*r  InUMlif*!  down  t«  •ll*C.  A 
mtn  »{  experimental  Invetclgstlen*  of  alrfell  Icing  v«r«  also  undertaken  In  th# 
Icing  Research  tw«l  *t  HACa  Uwt*  K»*c»rth  Center  *n4  by  MCA 
personnel  Is  th*  early  t*  »td>HS0'a.  Cray  and  v»n  Clahndk.U)  leaked  »t  tha 
<({«tt  tf  Ice  on  lb*  performance  ef  SAC*  JJiWI  end  6)}-212  airfoils,  finding 
drag  coefficient  Increases  cf  up  to  )M*  In  the  caie  of  glass  Ice  formation, 
U»*er  Increases  were  noted  fer  both  airfoil*  with  rime  Ice  accretions,  (tun.  «t 
*l,flM9)  end  feruo  and  Vegt (10)  dealt  with  experimental  ».»*«fts.nu  »f 
performance  degradation  of  1UCA  (MM.  iJj-ISf,  and  4>;0>5  airfoils,  noufely  the 
Uplnge*ent  thamterlttU*.  Included  fn  the**  Investigations  vat  *  u>nty  of  th* 
effect*  of  airfoil  thick****  and  angle  of  attack  on  droplet  |Bp[ng.<«nt  value*. 
It  waa  noted  shat  airfoil  ihlckne**  undo  to  Increase  the  volww  of  vater 
collected  and  dacreas*  the  rearward  llolt  of  droplet  l«?!rg‘#*nt.  A*  expected, 
total  loplngeoertt  vu  found  to  Increase  with  lntr»»*lng  angle  of  attack,  Colder, 
layer*,  and  ven  Olahnlil)  In  Hit  Investigated  droplet  Iaplng***nt  prepertle*  on 
«<ver*l  alrfell  lection*  of  various  thicknesses.  The  author*  concluded  In  part 
that  the  total  and  msxlaut  local  collection  offlciencio*  u«re  strong  function*  of 
the  modified  Inertia  parameter.  Thit  parameter  take*  Into  account  freottream 
velocity,  droplet  denalty  and  diameter,  airfoil  chord,  ebtolute  atr  viscosity  and 
den*Uy,  thltkneaa/chord  ratio,  and  angle  of  ottatk. 

These  early  experimental  program*  aerred  to  provide  valuable  insight  Into  the 
process  and  effect*  of  lea  accretion.  In  addition,  a  data  bane  from  vhlth 
analytical  Ice  growth  and  perfonunca  degradation  prediction*  could  be  developed 
»r.d/«r  verified. 

One  of  the  early  theoretical  effort*  for  totaling  *yar«aa  v*»  done  by  Hoel 
and  Irlght(D),  who  attempted  to  predict  analytically  tho  degree  of  propeller 
performance  efficiency  reduction  a*  a  mult  of  Ite  accretion.  Uiing  blade 
eleaent  theory  a*  the  batlo  of  snslysts,  and  relating  the  change  In  atrfoll  drag 
to  lift  ratio  to  efficiency  reduction,  loatet  were  predicted  which  agreed  to  the 
*ac«  order  of  magnitude  with  exparloentally  obtained  valuai,  hergrun(JJ)  in  1951 
offered  a  method  for  determining  droplet  impingement  characteristics  on  an 
atrfoll.  Solving  *  let  of  *tmuUaneOU*  differential  equation*,  Eergrun  dexertbed 
tho  particle  dynaalcx  of  a  vacer  droplet  moving  in  an  air  stream  •  a  principle 
vhlrh  form*  the  bail*  for  preienc  droplac  trajectory  code*.  Along  with  U«l*  In 
19)2(33) ,  tergrun  uilng  probability  analyti*  Investigated  the  atmospheric  faelor* 
responatbl*  for  lco  formation  and  tdantlfled  throe  parameter*  of  primary 
Importance  In  tho  lea  accretion  promt,  l.e.,  liquid  water  contone,  uater  droplet 
also,  and  ambient  temperature.  In  19)1,  Cr*y(J4)  conducted  an  Icing  *ludy  of  the 
HACA  65A004  airfoil  and  attempted  to  develop  a  drag  coefficient  correlation  for 
the  glare  Ice  condition  and  cowuet  droplet  impingemenc  rata*  to  related 
aerodynamic  penaltloa,  Uilng  experimental  Icing  data,  a  dtsenalonal  correlation 
waa  found  vhlch  v*«  accural*  for  angle*  of  attack  £  to  four  degreas.  In  1964. 
Cray(JS)  examined  aerodynamic  icing  data  for  other  olrfolle  and  modified  the 
emitting  correlation  for  generality,  Cray  accoapliihed  thi*  remit  through  the 
Introduction  of  the  airfoil  leading  edge  radtu*  of  curvature  In  percent  of  chord. 
Thlx  modified  correlation  for  tho  glaxc  ice  condition  reprextnted  the  only 
available  Icing  drag  coefficient  correlation  at  that  time,  and  ha*  beon  widely 
u*ed.  Only  recently  ha*  tho  validity  of  the  genital  glare  Ice  correlation  been 
queatloned,  however  U  will  mote  probably  remain  in  uaa  until  a  aultable 
replacement  I*  found. 

Tit*  formulation  of  the  Cray  drag  coefficient  correlation  repreiented  the 
laat  major  davelopaent  with  rtapect  to  ice  accretion  effect*  for  aeveral  years. 
Hie  advont  and  use  of  tha  Jet  engine  and  turbofan  de-aaphaalrad  the  uie  of  th* 
propeller  at  a  propulsive  device,  and  aubiaquantly  drew  attencior  away  from  the 
problem  of  ice  accretion.  However,  vlth  increased  fuel  coat*  and  taphaal*  on 
commuter  elsa*  aircraft  and  all'veathtr  helicopter*,  intereat  In  lea  protection 
system*  and  a  need  to  bettor  understand  the  phenomenon  of  lco  accretion  ha» 
Increased,  For  example,  Eh aha  and  Evantch(2f)  as  early  a*  1960  investigated 
pneumatic  deicer  boots  for  application  to  hellcoptera.  The  authors  found  in  thit 
oxparimantal  atudy  of  a  non»rotat!ng  atrfoll  taction,  that  tha  drag  panellist  of 
unlnflatad  boots  war*  small  In  comparison  to  th*  drag  caused  by  one  centimeter  of 
lco.  Alio  tha  aerodynamic  effect  of  Inflating  th*  boot  without  tc*  waa  slrtablt, 
however  th*  dreg  penalty  waa  not  significantly  different  than  that  of  fixed  wing 
aircraft  application.  In  thl*  study,  th*  pneumatic  boot  waa  shown  to  affectively 


Ml<»  daw*  U  •W.rt.  Can*dale()>  h*»  um«J  a  non.retatlng  airfoil  aactlen  to 
teat  electrothermal  deicing  and  K*i  *h*vn  to  yield  uitful  result* 
cemparable  ip  that*  obtained  tn  flight.  VllsenO?)  hae  ali*  discussed  the  b««U 
design  phiUltfhy  f*f  elecUtslhsrmal  deicing  •jriUM  addressing  such  b»»te 
question*  «*  entl'le*  *r  dele*  in  addition  to  power  requirement*.  Th*  imMr  *Ut 
discus***  *  number  •£  deicing  alternative*  iwh  a*  a  vibratory  method,  fwwiulc 
delta  system,  and  silicon*  based  ergsnt*:  compound*  Intended  to  enhance  aelf 
shedding  by  reduction  «(  surface  adhesion  •(  tH*  It*  formation  *M  it  referred  to 
4*  ice.phebtc*.  K*v«v«r,  recent  studies  by  :uxv*ti(J|)  *nd  Inwall.  et  *1.  (1)) 
ha*  shewn  that  deicing  by  an  elecicfnagnscte  Impulse  has  ahovn  promt**  In  deicing 
engine  Inlet*,  flx*d  aircraft  wing*.  and  helicopter  blade*.  electro. Impulse 
talcing  (HDD  W  attractive  alnc*  tit*  system  requires  very  Hul*  energy  and  U 
neatly  maintenance  fr*<.  In  Oil*  J»lnt  unlvuralty/lndustry  project  funded  by  RAJA 
Uul*  Research  Center,  tunnel  end  flight  t**U  have  demonstrated  tellable  deicing 
at  «tt  flight  end  atmospheric  c*ndltl«n«. 

Researcher*  involved  in  the  renewed  *tudy  of  ice  Accretion  reeegnlred  the 
need  to  expand  the  Hotted  experimental  data  base,  especially  to  Include  tett*  of 
ice  occretion  on  newer  utrfoil*  designed  for  ut*  on  current  general  «vUtlen 
elrcraii,  propeller*,  end  helicopter  rotor*.  ThU  work  *urted  t>  eerly  *s  IP)? 
by  the  Swedl*h*fovlet  lurking  Graup  on  SeWnitfle*T»thnleal  Co-Oyeratlen  In  the 
field  of  flight  eefety.  The  Initial  *tudy  reiulted  In  *  Joint  report  by  ingelman* 
Sundberg  (Sweden).  Trunev  end  IviMha  (VSiB)()0).  end  Involved  the  results  free 
flight  te*l*  «nd  en  ieing  wind  tunnel  in  Addition  to  a  conventional  tunnel.  Of 
particular  interett  in  thi*  vetk  it  the  Aerodynamic  effect*  of  numerous 
cooblnatlone  of  Ice  ihtpe*  *nd  wing  section  configuration*  Including  Advanced 
hlgh'llft  device*.  Till*  atudy  wa*  follower's  by  another  Invettlgatlen  by  Ingleoan* 
Sundberg  and  Trunov  (SI)  In  1979  and  invoked  a  wind  tunnel  Investigation  of  the 
*en«ll!vlty  to  ice  of  a  number  of  geometrically  different  horizontal  otablllzer*. 
In  another  atudy  by  Trunav  and  Aare()3),  net had*  for  preventing  ground  icing  an 
aircraft  era  discussed  and  reeulta  free  caoparatlve  tatting  of  »e»*  antUlcIng 
fluid*  are  presented.  Shav,  Sato*,  and  Salano(J))  in  Ifil  discussed  their 
finding*  of  oeatured  aerodynamic  performance  degradation  data  obtained  fer  a  BACA 
Oj'Atis  airfoil.  Glaze  and  rt««  Ice  formatlona  were  *tudl*d  in  both  crula*  and 
cl  lob  configuration*  and  itgnlf leant  performance  degradation  wa*  noted.  Alio 
evaluated  vaa  the  effect  of  aft  treat  growth  on  airfoil  performance,  which 
nlgnlflcantly  Increaied  the  lection  drag  coefficient.  Till*  «tudy  va»  of 
fmpartance  olnc*  new  date  wa*  provided  with  which  to  te»l  the  Cray  drag 
coefficient  correlation.  The  authors  found  that  the  correlation  wa*  accurate  In 
matt  cai**  at  the  origins!  data  tot  upon  which  the  correlation  wa*  developed. 
However,  the  Cray  correlation  become*  questionable  for  higher  liquid  water  content 
value*.  In  1911.  Bragg  and  Cregorek(lA)  along  with  Bragg,  at  al.  <)))  u**d 
almulated  it*  (hapei  to  investigate  vartsu*  aspect*  of  the  lea  accretion  problem, 
A  (Imulatod  rim*  lc*  »hap*  ve*  applied,  with  and  without  aurfaeo  roughneae,  to  a 
KACA  tJAtl)  airfoil.  Surface  rough****  wa*  datermlned  to  be  an  Important  factor  In 
oodetllng  Ice  shape*  affecting  drag  coefflelpnt  and  maximum  lift  coefficient.  In 
iht*  lerle*  of  t*«t*,  tlie  feasibility  of  uatnj  wood  slupes  to  model  Ice  accretion* 
on  a  KACA  iljAUS  airfoil  wa*  d* esnatrated.  Using  thla  tecluilquo,  »urfac* 
procure  measurement*  could  be  made  In  th*  area  of  the  tea  accretion,  thereby 
leading  to  a  better  undemanding  of  the  phyelc*  Involved  in  tho  formation  of  It* 
on  airfoil*.  Flemming  and  Udntcer  in  19B)(U)  toned  a  aerie*  of  helicopter 
airfolla  to  lnveiclgata  tho  effect*  of  natural  tea  accretion  at  high  epeeda. 
Aerodynamic  performance  degradation  of  the  airfolla  wa*  noted,  with  tho  author* 
citing  drag  coafficlant  Increase*  of  up  to  approximately  )00».  Aleo  accomplished 
In  thla  teat  vero  bettor  deflnltiona  for  ico  growth  and  ice  typo  boundnrlea  at 
functiona  of  acatlc  temperature,  Hath  number,  end  liquid  water  content.  Other 
atudiea  have  been  performed  by  Ue(37)  and  Abbott,  ec  al.(JB)  concerning  the 
actual  ice  thapea  observed  on  the  main  rotor  of  a  111. Ill  helicopter  in  hover  at  the 
Canadian  national  Research  Council  apray  rig  in  Ottava,  Canada.  The  ice 
formatlona  accreted  on  th*  main  rotor  ware  documented  after  landing  through 
utilization  of  moldt,  tracing*,  and  atartophotogr*ph*(39).  In  a  related  atudy, 
Abbott,  tt  *1.(40)  conducted  level  flight  performance  icing  teat*  with  a  lIH-lll 
helicopter  in  an  artificial  icing  cloud  created  by  th*  Helicopter  Icing  Spray 
Syatea  (HISS).  Keaaurementa  of  power  required  data  were  used  to  define  rotor 
performance  degradation  due  to  Icing,  and  the  rotor  blade  ice  ahape*  vara 
documented  vlth  aiiicona  mold*  after  landing.  The  author*  have  concluded  that 
almpllatlc  one-dlmenaional  lea  shape  description*  are  not  adequata  to  predict 
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performance  degradation  «f  helicopter  rotor*,  t,«,,  three  dimensional  it*  *hap« 
repf«*enuitrn  as  *  function  of  mar  radius  It  required,  Alt*.  repeatability  of 
lb*  ice  shape*  it  difficult  sine*  it  vat  found  fay  the  authors  ih«t  simitar  cloud 
condition*  ton  produce  widely  different  ic«  thapn*  on  the  main  tour.  Thle 
conclusion  lat  been  verified  fay  a  theoretical  study  conducted  fay  ratio,'  tod 
(artletttai)  Into  the  Influent*  •(  droplet  siting  uncertainty  on  icing  ittt 
results.  In  ifalt  seneUlvtiy  analysts,  ifaet*  author*  found  that  temperature  and 
liquid  Veter  content  vat  tho  critical  parameter*  in  dealing  with  thermal  anti* 
Icing.  for  it*  accrotlon,  «hape  awl  also,  the  volume  median  driplet 
diameter  vat  the  crucial  factor  In  another  experimental  atudy  fay  Trunav  and 
ligelman.SundfaergfM),  wind  tunnel  investigation*  have  faeen  made  of  the 
aerodynamic  effects  of  lc«  on  three  different  tsllplan*  configuration*.  IUr«, 
flight  tout  result*  of  tee  offtet*  on  the  control  charecterittlco  for  a  number  of 
transport  aircraft  aro  gluon  and  dWcutttd.  ?h*  authrra  have  alto  studied  a 
masher  of  transport  and  light  aircraft  accident*  and  incident*  uith  regards  to 
uilpUn*  separation  duo  to  icing.  telto(O)  in  a  recant  study  utilised  airfoil 
sections  representing  111*111  and  13M0A  helicopter  rotor  b>ade*  In  both  natural  and 
artificial  Icing  condition*  (tUS (> .  Tin  testbed  aircraft  vaa  a  Jl)*21A  with, a 
framework  over  tho  left  v|ng  tc  hold  tho  airfoil  section*.  Analyst*  of  the 
resulting  Us  shape*  indicated  a  lover  than  expected  thtcVnesn  accretion  r«e  tor 
artificial  Icing  conditions,  kUnssan,  «t  ol.fAl)  presented  result*  of  preliminary 
tost*  conducted  to  Measure  ice  growth  on  an  airfoil  during  flight  icing  condition* 
using  ultrasonic  putse-echo  noasureoenta.  Those  thickness  measurement*  veto  then 
used  to  document  tho  evolution  of  the  ico  shape  a*  a  function  of  tine.  Tho  uso  of 
generic  or  artificial  Ice  has  obvious  advantages  because  of  the  controlled 
•nvlronaent.  Itovever,  tho  velidlty  of  tho  Ue  shape  on  an  atrfott  la  somewhat 
open  to  question.  In  an  experimental  program,  Iragg  and  Khodadou*(45)  studied  the 
effect  of  a  simulated  glass  ice  accretion  on  the  aerodynaate  performance  of  a  HACA 
Mil  airfoil.  In  thl*  study,  two  Ue  shape*  ver*  tested,  l.e.,  one  from  an 
accretion  predicted  using  *  coetputer  nodal  (tXU|Ctf4l))  given  tho  ■»< 
ueteorulcglcal/perfornaneo  conditions.  Tho  authors  had  found  *h*c  the  aorodynaoic 
performance  of  the  two  ahape*  coopered  veil  at  positive,  but  noc  negative  angles 
of  attack.  In  another  rather  unique  experimental  progran,  Run) an,  tc  el., (47) 
conducted  a  flight  and  wind  tunnel  tnveetigatien  of  the  offecco  of  aircraft  ground 
delclng/anti-lcing  fluids  on  the  aerodynaate  characteristic*  of  a  toeing  7)7-300 
AOV  aircraft.  Liquid#  tested  Included  a  nawtonlan  end  throe  nonneutonlan  anti* 
icing  commercially  available  fluids,  Soth  tho  flight  tost  and  ultx)  tunnel  results 
shoved  te  fluids  renalnlng  on  tho  wing  after  liftoff  caused  a  measurable  life 
lost  and  drag  Increase,  At  part  of  a  progran  involving  the  four  major  helicopter 
manufacturer*.  KASA  l*v|*  research  Canter,  and  Texas  AUi  U.J.v*r*Uy,  Hiller  and 
RendfAl)  conducted  an  cxperloental  progran  which  consisted  of  a  rotating  011*51 
tail  rotor  In  the  liAJA  Uvla  IRT  during  1011,  Values  of  torque  r!s*/vibr*tfon 
levels  as  a  function  of  tine  vers  measured  tor  a  variety  of  Icing  conditions  in 
addition  to  strobe  photography  video  of  the  ice  accretion  protest.  This  study 
also  provided  valuable  insight  fnto  the  ico  shedding  process  which  la  inherent  in 
a  rotating  system,  and  it  tho  forerunner  for  a  atrioa  of  toacs  char  will  bo 
conducted  during  tho  fall  of  19(9  Involving  a  Powered  force  Model  fffh)  to  bo 
placed  into  tho  HASA  Uvlt  IRT.  Tho  perform nc«  data  resulting  fro*  thl*  stries 
of  testa  viu  fa*  used  to  validate  existing  helicopter  performance  code*  Out 
contains  nuaerical  analyses  of  tho  ie*  accretion  process,  o.g. ,  as  described  by 
C*oba(4?)  and  Johnson,  *t  *1,(50). 

Kuch  ha*  boon  learned  in  recant  years  si  a  ratult  of  those  cited  experimental 
progress.  A  major  contribution  of  these  tests  hat  been  in  tha  expansion  of  the 
icing  data  base  to  provide  current  Information  with  which  to  develop  and  evaluate 
analytical  methods  for  Icing  related  performance  degradation  predictions.  As  in 
tho  oxporlnentol  area,  tuny  analytical  advances  hav*  alto  been  sad*.  This 
progress  hat  taken  the  fora  of  iaproved  net  hods  of  predicting  drop  Impingement 
characteristics,  uso  of  mmarlcal  analysis,  as  v*U  as  accurate  aorodynaoic 
perfontam-o  dogrodaclon  corroletions, 

iragg,  at  *1.(51)  and  Bragg(52)  developed  a  eoxpucer  prograa  in  1911  to 
calculate  water  droplet  trajectories  and  thereby  determine  airfoil  loplngeaont 
efficiencies  and  theoretical  led  ahapee.  Development  of  this  cod*  represented  a 
major  atop  toward  the  goal  of  analytical  prediction  of  airfoil  performance 
degradation  due  to  ico  accretion.  It  mry  alto  b*  noted  choc  Catudala(5)  in  19(0 
also  presented  a  series  of  calculations  of  droplec  crajoctorloa  around  airfoils  in 
cospraitiblo  flow.  In  this  study,  tha  affect  on  dropltc  Impingement,  droplet 


dloseUf,  *r4  thsrd  a*  related  to  th*  HACA  COU,  XfU  961).  and  MS  964)  airfoil* 
*«*  theeretlcslly  studied.  c*n<dele,  In  thl*  early  work.  Ms  twdelled  th* 
iheruMytualc  precss*  «{  U«  attest ten  tn  «w>?re»»tbl#  flow  ts  ptsdlct  the  sK*r< 
and  position  <*f  helicopter  r««r  tee  with  attoptable  teuparlaen  vlth  oxperleeni. 
8r*gg  and  Creg*r*k{)4)  Mi  alt*  forsuUted  a  drag  coefficient  (niiIiiIm  far  the 
r lo*  tea  condition.  In  tMa  norrtlaUett,  th*  change  tn  drag  du*  to  U«  la  given 
at  *  function  of  several  variable*  rotated  to  flight  and  atmospheric  cam mien*, 
alt  tell  geusetry,  and  duration  of  U*  accretion  TMa  correlation  Mi  aeon 
widespread  us*  atnc*  it*  development  and  Ma  only  recently  Man  studied  in  tUull 
to  define  th*  rang*  of  TplUeblllty.  A  *  indy  by  Miller,  »t  av.OJ)  ha*  absun 
that  the  original  correlation  everpradleud  the  airfatl  drag  increaent  in  aavsral 
uki  far  icing  data  whlth  appeared  to  be  rina  oriented,  Recently,  troggOA) 
revised  th«  correlation  reuniting  in  a  aotend  function  to  cov«r  a  wider  rang*  of 
meteorological  canditiona.  Can? dal*  and  Cent  in  19M(10)  detailed  the  development 
of  another  twa-dtceneianal  droplet  trajectory  twoorUsl  analyeia.  Vnltke  the 
*tagg  teeputer  cede,  the  effect*  ef  ceopresalMUty,  kinetic  heating,  and  water 
rvnfeatk  are  taken  Into  account  thus  naking  it  applicable  to  both  ri*«  and  gl*s* 
tee  condition*.  Designed  to  be  applied  to  helicopter  cenflguratient,  the  analyst* 
eoplay*  *  heat  balanc*  te  calculate  tha  kinetic  heating  and  runbatk  affeata.  The 
author*  have  repotted  goad  agreaaenc  between  predicted  and  oxporlMntally  obtained 
ice  shapes,  tsapsrsturo  diatributien*,  and  icing  threshold  canditiona.  Flensing 
and  Udnteerf)))  have  wted  eaperioental  icing  data  to  feroulatv  new  rl»*  and  glare 
ice  drag  coefficient  cwrrelatien*.  in  addition,  thl*  date  ha*  been  used  to 
feroulate  aeparate  lift  and  nonent  coefficient  correction*.  These  correietien* 
have  ahown  prwls*  tn  prellnlnary  evaluation^))}.  Milter,  Kerkan,  and  Thaw  in 
19t)()6)  attespted  to  develop  a  drag  coefficient  correlation  for  the  glaze  ice 
condition  uatng  statistics!  analysts  ef  icing  data  at  o  baala  of  th*  correlation 
development.  Although  a  tetultlng  correlation  wot  preaentad,  it  repretented  only 
the  state  of  the  atudy  at  that  lino,  and  indicated  a  need  for  ouch  further 
codification  and  analytic.  reaaibiUty  of  ruing  tuch  an  analyeia  a*  the  baala  for 
correlation  devalopnent  wa*  deaonatraied.  The  rtaults  ef  auch  an  analyalt  nutt  be 
interpreted  correctly  and  in  tandea  with  phyalcal  observation*  of  the  aaeociated 
phenoaenon  to  aake  th*  aethod  truly  beneficial.  braggfST)  hat  alao  documented  a 
atudy  In  which  airfoil  performance  wat  predicted  with  both  atauUted  tin*  and 
glace  Ice  alupta.  Varloua  cosputer  code*  were  examined  for  poaatbl*  ua«  in 
calculating  preaaur'e  diatributien*  on  an  airfoil  with  glace  ire  attached.  The 
potential  flow  code  of  Bristow  waa  deteralned  to  bo  auitobl*  for  thl*  purpoo* 
after  exaainatlon  of  aeveral  atrfoil  analyal*  coda*,  and  provided  good  agreement 
between  predicted  and  exparlnantal  preaour*  diuribuiione.  Iragg  alao 
inveatlgated  th*  effect*  of  outface  roughnea*  in  the  Unlrur  boundary  ieyer  on 
drag  increnenti  and  offered  promising  reault*  for  predicting  drag  Incroate  by  thl* 
nothod.  However  in  1916,  a  atate  of  the  art  nuserical  analyalt  referred  to  at 
UTdlCC(Ag)  hat  been  developed  which  predict*  the  general  ice  shape  about  th* 
leading  edge  of  an  airfoil  for  tin*,  nixed,  and  glace  Ice  conditions.  Til* 
numerical  approach  Is  vsluablo  since  it  utilises  tine  stepping  In  th#  mlculatlon 
of  the  Ice  shape,  end  a  tharsodynasle  analyal*  of  Mosalngor(9)  and  Ttibus(St),  At 
notod,  Hesslnger  advanced  th*  work  of  Tribui  to  Include  turfac*  temperature 
analyal*  In  aeveral  lnportant  tooperature  regtnea,  end  alao  developed  the  concept 
of  th*  freezing  fraction.  The  freezing  fraction  Is  defined  at  th*  ratio  of  liquid 
freezing  within  a  control  volume  over  the  total  amount  of  liquid  entering  th* 
control  volume .  This  work  utilizes  an  Invtseld  flow  flold-huc  does  Incorporate  a 
aurfac*  roughness  parameter  which  It  a  variable  and  specified  at  input  dots, 
LEWlCE  it  currently  under  atudy,  and  will  contain  the  work  of  C«blcl()9)  which 
includes  viscosity.  Ceblcl  uses  tn  approach  which  lo  bated  on  Interaction  of 
Invltcld  flow  solutions  cbcalnad  by  a  pinel  net hod  and  lnprovod  upon  by  the  uit  of 
a  nnUe-dirferer.ee  boundary  layer  aethod.  Horkon  and  Brltton(6Q)  have  utlllxed 
IXWICE  In  a  atudy  where  eospsrltons  are  node  between  the  analyal*  of  Bregg()2), 
under (61),  and  actual  ice  ahapes  at  found  In  flight  testa  o'  tha  KASA  Uwla  RC 
Twin  Otter  aircratc(62).  Scott,  ot  *1.(6))  taking  a  different  approach, 
Investigate*  the  flow-field  and  resultant  heat  transfer  rates  over  a  series  of  Ice 
accretion  ahapes  through  nuserical  solutions  of  the  Hevler-Stokes  equations. 
Those  authors  have  achieved  good  sgretsonc  when  coapered  to  experlsental  data. 
Addressing  variations  In  the  ssrftco  texture  of  a  fifteen  slnut*  glaze  Ice 
condition,  Pal*  and  Singh{64)  hove  applied  a  two-dimensional  Fourier  analysis  to 
experlsentally  deteralned  surface  profiles.  In  other  related  areas,  H«iJ*r(6S) 
has  developed  a  theoretical  settled  to  calculate  rise  lc*  secretion  on  elrfolls. 


iit  particular  Interest,  this  suther  is  able  u  csltwlxu  the  riiws  It*  stcretien 
tat  ivo.dlMMlwwtl  high  lift  utpg  devices  consisting  of  *  basic  wing  profll* 
b*t*d  «n  SWA  tA-IU,  *  leading  edge  slat.  a  ttsillng  edge  van*.  snd  *  trailing 
edge  CUp.  In  another  Ittperunt  «r<),  llUr.tn(44)  revltvs  past  sealing  analyst* 
*«4  suggest*  rcvlslen*  based  on  recent  experlnelual  eb»*rv*tleiM>„  The  author  alse 
tint  nueortcal  analyse*  such  a*  UT«ICi  when  utilised  »n  the  glss*  tee 
acerc-tinn  rcglae,  stay  need  taproveiuni  to  locre***  the  accuracy  oE  the  estimate  ot 
lee  build-up.  AX  *n  .xaapl*  oE  hew  the  present  (ethnology  ten  b*  applied, 
trltt«n(t?)  he*  theoretically  Investigated  elevator  deflection  effects  on  the 
Icing  pretets,  the  results  indicac*  iHet  the  pretext  it  dependent  on  elevator 
deflection  since  the  flowflxld  t«  eEEeeted  by  (hanging  the  ea*bar  at  the 
horlcont*},  stabiliser  tytua,  The  mult*  ere  presented  In  lent*  of  total 

t«U«*Uen  efficiency  and  l*?lr,gm*nt  Malt*  ax  fvnctUn*  of  angle  of  attack  and 
clamor  daflecct.dA  angle. 

A  brief  v*'vt«w(is)  of  hath  theoretical  end  expetlxental  vork  In  regard*  to 
Icing  ha*  horn  presented.  Obviously,  all  reference*  to  thlt  subject  tamest  be 
addressed  lh  iht*  paper  since  It  It  estimated  that  approximately  5500  exist 
dealing  ulih  all  topic*  related  to  the  general  category  of  telng,  However,  there 
are  several  reference*  thee  deal  vllh  an  overview  of  the  SASA  program  on  Icing 
research  and  technology  web  as  thar  of  Jhau(l/))  and  Keinoaim,  et  al. (70),  There 
papers  review  Ute  no ;«  prograx  elements,  ».£.«  hew  approaches  to  Ice  protection: 
numerical  cedes;  M»s\ir**«>)c  and  prediction  of  tee  accrecien;  special  wind  tunnsl 
test  techniques:  tap covenant*  ot  research  techniques i  loprovesent*  of  Icing  wind 
tunnels  and  research  aircraft;  ground  deicing  fluids;  fwuUxenUt  studies  in 
Icing,  and  droplet  rising  Instruments,  There  Is  also  an  excellent  overview  given 
at  the  recent  HAlA-rAA-AlAA-SAE  international  Aircraft  Icing  Technology  1‘orkshop 
ac  HASA  Lewis  RC  In  boveiabcr  Iff),  The  workshop  also  contained  the  fAA 
perspective  on  aircraft  icing  certification  that  has  slot*  been  doavwented  by 
Adame (71). 

it  has  been  the  Intent  to  give  the  reader  soee  insight  into  the  «a)«r 
published  references  and  chronological  order  of  the  advances  *ada  In  icing 
technology  •  both  experimental  and  theoretical.  To  this  end,  the  authors  sine* 
1710  have  been  involved  In  tha  subject  of  icing  of  rotating  systeas  and  have 
heavily  relied  on  tho  results  of  the  studios  that  have  been  reviewed.  As  a 
result,  several  theoretical  and  oxperiasnul  studies  were  completed  dealing  with 
performance  degradation  of  routing  systeas  due  to  Ue  secretion.  These  studies 
will  be  reviewed  In  the  following  Section  to  provide  snee  detail  to  the  reader  a* 
to  the  approach  and  results,  in  so  doing,  tha  lint tattoos  and  rued  for  further 
study  of  psrfornanca  degradation  of  mating  systeas  due  to  icing  can  be  defined. 

rusarr  xmssoiocr 


When  tho  study  of  performance  degradation  ot  rotary  syxtcms  duo  to  icing  was 
started  in  1779,  the  dtclsion  was  nade  to  Initially  Investigate  the  propeller. 
There  result*  were  then  used  to  nodel  the  helicopter  in  hover,  followed  by  a  study 
of  the  helicopter  in  forward  flight.  The  oethedology  was  thah  applied 
collectively  to  the  TV-15  tile-rotor  concept  to  find  the  node  of  propulsion  cost 
sensitive  to  icing.  in  the  protest  of  atteapting  to  theoretically  modal 
performance  degradation  of  these  rotary  systeas,  experinental  studies  vert  also 
conducted  using  a  KACA  0012  airfoil  with  generic  lee  and  a  sodel  helicopter  with 
generic  ice  on  tho  sain  rotor.  Each  of  these  studies  will  be  suaaarised  here,  and 
the  reader  fa  referrea  to  the  appropriate  reference  for  additional  detail, 

Propelltr  syttea(72) 

Tha  study  objectives  ot  the  present  effort  were  tc  tctabllsh  a  theoretical 
nsthodology  to  predict  tile  performance  degradation  of  propeller  in  a  natural  icing 
encounter.  Only  the  rise  Ice  accretion  css*  vss  considered  to  oataralne  the 
efface  on  propeller  thrust  coefficient,  power  coefficient  and  efficiency  ax  a 
function  of  Icing  tlea. 

The  fine  step  In  this  study  was  the  developaent  of  a  tuo-dloenslonal 
theoretical  Icing  eodel  applicable  to  propellers.  The  propeller  flo;f laid  with 
rotating  airfoil  sections  encounters  not  only  the  forward  but  also  rotati  nal  and 
Induced  velocity  eoaponenci.  These  velocity  cosponents  determine  the  resultant 
velocity,  and  hence  angle  of  attack  as  seen  by  each  airfoil  secClon  radially  along 
the  propeller  blade. 


The  flowfleld  encevnteted  by  che  rotating  airfoil  section  (n  the  dlek  pJ»M, 
when  cotwlderlng  mnly  the  resultant  v»Iectiy  vector  does  me  differ  to  a  jr*« 
extent  fro*  that  of  a  ‘fixed  wing  strfotl.*  ltov*v*r,  Mnc*  the  local  Induced 
Velocity  1*  A  function  of  tho  propeller  radial  locartcn,  eath  airfoil  section  mint 
be  meted  separately  a*  to  the  radial  variation  of  the  Iced  hath  nuoher  and 
local  *ngl«  of  Attack. 

The  clrfoll  Icing  analysis  of  Bragg,  at  al.(}i,5l)  used  In  thlt  study  he* 
been  fermuWted  to  predict  the  fixed,  t.o.  nenrotatUn  Airfoil  perfermaoct 
degradation  due  to  lea  *ccr«tien.  A  Th<ed«r*en/»:ar**n-Tr*ffts  tr*n*for»nlen 
Method  It  used  to  e«lcuUt«  the  InvUctd  flowfleld  around  the  airfoil.  Thta 
flouflold  to  then  u*«d  to  compute  by  step  Integration,  the  trajectories  of  the 
water  droplet*  and  location  of  Impingement  of  the  water  droplet  on  th*  atrfotl 
tvrface.  Hit*  Information  to  utlllced  to  predict  the  local  Impingement  efficiency 
and  accumulation  parameter  on  the  elrfell  eurface.  Alao  ncte  that  thle  eludy,  ** 
doe*  the  method  of  Bragg,  aieuset  the  rime  ico  e«w,  t.o,,  the  entire  oaao  of  the 
water  droplet*  frees*  on  contact  at  the  point  of  lopact,  therefore  no 
thermodynamic  effect*  have  been  Included.  The  analytical  oethed  then  conaltte  of 
the  following  etept: 

<l)  An  existing  propeller  eerforoanc*  oeihod()J>  It  -seed  to  obtain  the  local 
Hath  number  and  angle  of  attack  a*  a  function  of  radial  location  along  the 
propeller  at  a  preselected  operating  ccndltlon. 

(2)  A  volume  oed!an  droplet  dleoeter  la  telected.  Through  a  prevtoue  eludy  by 
Bragg  and  Cr*got*k()4),  It  hie  been  ehovn  that  by  approprtau  aelectlon  of  a 
volume  median  droplet  diameter,  the  entire  class  of  droplet  diameter*  encountered 
need  not  be  considered. 

(!)  Select  the  liquid,  water  content  to  be  considered. 

(A)  being  the  Th«edor»eiylUrm*n-Treffti  transformation  method,  calculate  and 
•tore  the  Invlectd  flowfleld  around  each  airfoil  xtatlen  at  the  given  angle  of 
attack  for  each  radial  location  along  th*  propeller  for  the  operating  condition  of 
Interact. 

(J)  Calculate  the  water  droptet  trajectorle*  uetng  the  volume  median  droplet 
diameter  In  Step  2  for  each  airfoil  along  the  propeller. 

(4)  Dvv'ermtne  the  Impingement  efficiency  end  accumuletlon  parameter  for  tech 
airfoil  station  along  the  propoller. 

(1)  Calculate  the  drag  Increment  for  each  airfoil  station  at  th*  specified  Icing 
time  and  operating  condition.  The  airfoil  data  bank  for  performance  analyets  la 
then  modified  by  applying  th*  (IsACq/Cq)  factor. 

Th*  propeller  performance  analyila  lo  again  util  tied  to  determine  the 
performance  degradation  -Me  to  Icing  on  the  baels  of  i,  Cj  and  Cp  at  the 
operating  condition  of  Interest. 

In  th*  cslculstlon  of  th*  dreg  Increment  due  lo  Ice  accretion,  the  e spirits! 
correlation  of  Bragg  and  Cregorek(14)  vaa  used  directly,  t.o. 

ACa/Cji-o.oious.m  in(k/o  ♦  ?e,ooo  acc*x)  .  u> 

This  empirical  correlation  Includes  the  drag  increment  related  to  the  distortion 
of  the  airfoil  leading  edge  duo  to  rloo  ico  accretion  and  a  stop  drag  Increase 
based  on  surfoco  roughness  data,  i.o.,  frost.  The  constant  1  to  dependent  on 
airfoil  typo  and  ranges,  from  111  to  290. 

TIi*  new  dreg  of  the  airfoil  In  the  Icing  condition  which  to  used  to  modify 
the  airfoil  data  bank  may  la  obtained  from  the  expression 

Cje<  -  (IsACq/Cjj)Cq  (2) 

where  the  Cd  value  Is  for  the  no- Ice  condition  and  la  contained  In  the  airfoil 
data  bank  at  used  by  tht  propeller  performinct  analysis,  or  can  be  determined  by 
existing  airfoil  analysts  and/or  experiment.  The  above  drag  correlation  la  only 
valid  for  the  rime  Ice  condition.  It  is  emphasised  that  in  all  theoretical 
atudles  conducted,  this  approach  hat  been  used  and  hat  yielded  acceptable  result!. 

The  analytical  model  Just  described  wss  utilised  to  prcvlde  theoretical 
predictions  of  propeller  performance  degredation  for  comparison  with  experimental 
flight  tost  results  by  heel  end  Bright (11).  Hera,  the  authors  conducted  a  series 
of  flight  tests  with  a  C-46  twin-engine  aircraft.  The  test  propeller  having  a 
diameter  of  11.5  ft,  consisted  of  four  blades  with  doubln-eamber  Clsrk-T  airfoil 
sections.  Of  the  12  encounters  investigated  by  Heel  and  Bright,  5  were  chosen  for 
comparison  with  the  analytical  model  of  rime  ice  accretion  based  upon  free-slr 
tempersturq,  liquid  water  content,  and  volumo  median  droplet  diameter. 


rvoraux  unciuct 


the  theoretical  nethodelegy  iie*cribe4  earlier,  when  applied  u  encounter  I 
with  *  fixed  J-valvw  yield*  «  mn 4  In  te?lag*«*ni  efficiency  varietlen  **  « 
function  of  airfoil  outface  length  fo r  each  radial  «mt«n  «Un£  th«  propeller, 
ri*.  t  »h«v»  »  typical  variation  fee  f/X  »f  0,Vi  and  «!»•  Indicated  Tb* 

letol  collection  efficlantr,  naxims*  celleeiten  efficiency.  and  accumulation 
defined  by: 


Ae-euse)At/y,M«.  <)> 

4«  iti*n  determined  far  all  radial  ItcatWoa  along  the  propeller  blade,  a*  ehovtt 
in  Fig,  I.  jfext,  lh»»*  Vilwa*  *r*  uied  In  the  d rag  coefficient  carrelatien  *» 
given  in  rguaeion  0)  to  deternlna  the  appropriate  value*  et  (W&Cg/Cg)  tor  th* 
b»*le  tv«.dle*«*lentl  elrftll  eectlenal  characterUtlc*  **  u»ed  in  th*  propeller 
oethed.  Geoporltonx  for  encounter  3  b*i«<en  the  experUentol  value* 
and  theoretical  prediction*  or*  >b*vn  in  Fig.  J,  For  the  propeller  efficiency, 
the  agreeuent  between  theoretical  prediction  uni  e*petl»ent  (or  both  lc«d  end 
clear  condition*  it  acceptable  **  tfcuvn  in  Fig  4  (encounter  A)  «nd  Fig.  i 
(encounter  12). 
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txaaple  ot  inpingeoent  efficiency  variation  Figure 
v*  airfoil  (urfoce  length  -  encounter  3. 
r/X-O.JJJ,  4-  1,3.  •  -  4.42*  dog. 


3.  Variation  of  accumulation  paraaeter,  («t*l 
collection  efficiency,  »n4  luxtitua  ^oilectiun 
efficiency  a*  •  function  of  radial  location  ■ 
«ncount*r  3,  4  -  1.3 


W«Att  Wlis  (J1 

Figure  1  Cosrpurlion  between  chenratical/axperluntal  Figure  *.  CoeparUon  between  theoretlc»l/experioent«l 
<1  values  *  encounter  2.  r  valuer  »  encounter  4. 
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Figure  J.  deeper laen  between  ih«efc:tcal/*xp*rt»ental  *  value*  ■  encounter  13. 


Helicopter  retor*hevat(74) 

Tl»  analytical  node!  m  deicrtbed  by  Korkan,  *i  al.(?3)  ■«  applied  (•  the 
prediction  performance  degradation  of  propellera  in  *  natural  Icing  encounter,  Hat 
been  examined  in  determine  the  feaatblllry  of  prediction  helicopter  performance 
degradation  In  hover  during  natural  Icing.  The  from  rotor  of  the  Ctt4)o 
helicopter  vu  aelected  for  analytla,  vher*  the  rotor  emulate  of  three  bladet 
with  a  radlue  of  JO  ft,  *  conmnt  chord  of  J3  In,  and  rotate*  at  335  rp»,  The 
rotor  blade  eoployod  th«  ‘.T-!  and  V*»l  olrfoll*  having  a  maximum  thlckneaa/cherd 
ratio  of  11  and  It,  respectively.  Tho  blade  tranaitiena  linearly  from  VS-7  to  the 
V#»t  airfoil  at  the  rotor  dp. 

The  night  condition  selected  for  analytic  vaa  at  *n  altitude  of  JQOO  ft  and 
a  fret'Olr  lempereture  of  l*f.  The  toeing  Vertol  R-Tl  helicopter  performance 
analyala  yielded  the  range  of  the  thruat  coefficient  and  horaepower  for  the  CH47D 
rotor  In  the  hover  condition. 

The  rtac  Ico  condition  (elected  for  analyala  conalated  of  a  liquid  voter 
content  of  0.44  g/oJ,  a  voluoe  oedlan  droplet  diameter  of  1)  pa  and  a  free-alr 
temperature  of  1®F.  Ax  In  tho  propeller  caae,  the  total  colloctlon  offlclency  and 
the  accumulation  parameter  have  hem  determined  for  all  radial  locatlona  along  the 
rotor  blade,  Thete  valuta  have  (then  been  uaed  in  the  rise  Ice  drag  coefficient 
ccrrelatlon  of  tragg  and  Cregorek(J4)  dlicuaaed  eariiar. 

The  factor  (I'&Cg/CQ),  plotted  at  a  function  of  radial  locacton  for  aelected 
tl*«t  of  M,  HO  and  100  a  In  Fig.  t.  Indicated  the  atrong  dependence  of  the 
performance  degradation  on  actual  Icing  tin*.  Alta,  theae  data  can  be  dltplayed 
at  a  function  of  line  for  aelected  radial  locatlona,  where  the  growth  In  drag  la 
linear  with  line  ttarcing  from  tha  froat  point  which  la  noced  aa  a  alep  In  the 
(IfAC^/Cg)  variation  at  time  Ota. 

Vhen  theae  drag  tncraoenta  are  Included  In  tha  airfoil  data  wild  for  cite 
hover  analyala  of  the  01470  rotor,  ‘he  teaultlng  irtcreaae  In  required  horaepower 
necealary  to  maintain  a  thruat  level  Cp  of  0.004  aa  a  function  of  Icing  clue  1a 
ahovn  In  Fig.  7.  The  approximately  34*  tncreeaa  in  required  horaepower  for  a  5 
mln  natural  Icing  encounter  for  thia  Cp  la  evident.  It  aheuld  alto  be  noted  that 
if  Ice  accretion  It  allowed  to  cake  place  only  up  Co  die  15*  radial  location,  the 
horaepower  Increment  needed  to  maintain  a  Cp  of  0,004  Is  reduced  to  approximately 
13*.  Thta  Uluatracea  tha  aenaUlvity  of  tha  rotor.tip  region  In  tha  degradation 
of  tha  helicopter  performance  in  an  Icing  encounter,  and  atreaaei  tho  need  to 
quantify  tha  machanUm  of  both  lea  aecration  and  aheddlng. 
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Helicopter  nur-feivttil  flight!?}) 

The  aelftodolsjy  es labtlshed  earlier  (•  iMly:*  sr-S  provide  theoretical  values 
of  performance  degradation  of  rotating  aymeas,  such  **  propeller*  and  helicopter 
m*r  blades  tn  haver  during  mhhI  Icing  c»n4Ut#n«.  y  1*14^4  performed**  levels 
vhlth  were  consistent  with  those  experienced  tn  actual  (tight.  Hevever,  the 
aelkodelogy  t*  theoretically  analyte  the  performance  •(  *  helicopter  tn  fetvard 
(tight  during  Icing  reoatned  («  he  fully  established  and  deaOAtuatod. 

The  mi bed  of  helicopter  forward-flight  performance  analysts  used  t» 
deternlne  the  trends  presented  Mr*  I*  *  state-of-the-art  cempuier  cod*  (teeing 
Vertel  S-Ai)  Inciting  *11  )i*y  aerodynamic  and  dynamic  offecta  Influencing  the 
retor  flew  environment,  m  well  ax  the  blade  motion*  and  elastic  detlectUnt  At 
present  h*v*v*r,  th*  mu  meaningful  trends  c*n  be  drawn  by  Uniting  the 
Investigation  te  profit*  drag  Intwa**, 

th*  analytical  model  described  hy  tathxn  <i  at, (72)  and  *ppll».)  t«  th* 
helicopter  bev*r  rendition!?*)  cun  be  meaningfully  extended  tn  th*  helicopter 
forward-flight  condition.  A*  noted  In  earlier  studies,  (»r  *  rotating  system  such 
«i  *  propeller  or  helicopter  rotor,  the  routing  «lr(oll  section*  oncoonur 
varying  cembtnaiton*  o(  forward,  rotational  and  Induced  velocity  cempenent* 
resulting  In  local  noth  number  an4  angle-of-auack  excursion*  which  are  repeated 
cyclically  a«  a  (unction  o(  blade  radial  and  aslmuthal  location,  the  method 
described  earlier  (trot  calculates  the  toplngement  <((letency  and  accumulation 
parameter  a*  a  (unction  o(  radial  and  aciouthal  location  and  then  the  resulting 
drag  Increment  ratio,  (lsACg/tg).  The  drag  data  used  tn  the  rotor  performance 
analyst*  Is  then  oodtded  by  the  local  drag  (actor  and  th*  performance  Is 
recalculated  (er  a  (toed  Icing  tine. 

In  th*  present  study,  th*  *((ect  of  ria*  It*  accr«llon  on  rh*  front  rotor 
blad«s  of  the  OU7B  was  Investigated  to  deteroin*  the  horsepower  required  to 
aatntaln  a  given  flight  speed  as  •  function  of  Icing  exposure  lime.  Haste  to  the 
method  are  the  assumption*  that  the  fuselage  was  not  reoriented  during  the  Icing 
period,  that  no  Ice  was  allowed  tn  accumulate  on  the  fuselage,  and  that  only  the 
cyclic  pitch  was  adjusted  t*  maintain  th*  flight  condition.  Th*  CtUJO  front  rotor 
consist*  of  thro*  blade*  with  «  radius  of  10  ft  having  a  constant  chord  of  11  In, 
and  rotating  at  111  rp*  corresponding  to  a  rotor  tip  speed  of  All  ft/a,  Th*  rotor 
blades  utilise  th*  V*-7  and  VX-*  airfoil*  as  described  by  tartan  et  *1.(71) 

The  (light  condition  selected  (or  analysis  was  at  an  altitude  of  (100  (t  and 
at  a  forward  velocity  of  111  bn  with  a  required  thruot  of  10,771  lb  and  a 
propulsive  force  o(  MAO  lb  (front  rotor  only).  The  rim*  Ire  condition  selected 
for  analysis  consisted  a  liquid  wster  content  of  0,«  g/*\  volume  nedlan  droplet 
dlaneur  of  11  n*.  and  a  free-air  teoperature  of  4  )0®f. 

In  apolvlnc  the  previously  described  methodology  to  a  helicopter  rotor  blade 
In  forward  flight.  It  oay  be  noted  that  the  local  hath  number  and  angle  of  attach 
are  function*  of  both  radial  and  ailouthal  location  on  th«  rotor  disk.  The 
numerical  procedure  has  been  applied  to  11  rotor  spanwtse  stations  for  each  of  It 
otlouthal  sectors  vhlrh  corresponded  to  11°  Increment-..  The  oxlouthal  variation 
of  the  total  collection  efficiency  and  accumulation  parameter  wero  determined  at 
shown  in  fig.  I  (a-d)  and  9  (a-d)  for  each  of  the  fixed  tpanwlso  radial  location*. 
Value*  of  th*  aslnuthal  variation  of  (IA&Cq/Cq)  were  calculated  using  equation  (1) 
and  or*  shown  In  fig.  10  fa-d).  Those  drag  factors  wero  appllod  directly  to  th# 
rotor  analysla  to  doteralno  the  performance  degradation  «c  each  fixed  Icing  tl«« 
during  the  assumed  natural  Icing  encounter. 

The  approach  used  In  the  present  study  uaa  to  average  the  drag  Increaent  due 
to  Icing  (IvaC^/Cq)  aalauthally  at  each  radlol  location  for  each  of  the  Icing 
dees.  The  reaulta  sre  shown  In  fig,  ll  as  a  function  of  radial  extent  of  Icing. 
At  noted,  the  drag  Increaent  due  to  Icing  Is  linear  with  tin*  spent  during  the 
Icing  encounter.  Also,  as  the  radlsl  extent  of  Icing  Increases,  the  drag  increase 
due  to  Icing  rises  significantly.  Theta  values  wore  Introduced  Into  the  toeing 
Vercol  8-4}  helicopter  performance  analysis  to  de'eroln*  tho  horsepower  required 
to  aalncain  s  propulsive  fore*  of  1A40  lb  and  a  thrust  of  20,770  lb,  Tho  results 
of  these  calculations  sre  shown  In  rig.  12  referenced  to  th*  clean  front-rotor 
hortepower(hp)  of  1970,  The  variation  of  the  ratio  of  hp(Ut)/bp(r*f)  with  Icing 
tia*  follows  th*  sane  trend  at  th*  drag  Increaent*  (Fig.  11),  l.a.  linearly  vlth 
respect  to  tine,  Th*  high  sensitivity  of  th#  total  perforaanc*  to  aaln-rotor  tip 
accretion  is  also  evident. 


«*ur«  «(*).  Axtaothal  variation  or  total  colWttlen 

affltlawy  at  (countafclocVuito 

elractlon  of  rotation). 

fljor*  1(b).  A*  for  rig.  I  (a)  hot  at  r  R*4l,09t, 

flgora  l(«),  A<  for  rig.  I  (a)  but  at  r  *-7),00t, 

rigura  1(d).  Aa  for  rig.  t  (a)  but  at  r  K-»r.00t. 


Figure  ft*).  AslwHhol  v»rt*iicfi  at  «eu*uUtlon 
AC  *  10*)  «  t«*AJ.OO» 

(fit-40  »<c  •  cowii«r*e5MfcvU«  direction 
«r  motion). 

Figure  9lb)  A*  for  Fig.  ?  (»)  but  »c  r/X  -  tt.QOk. 
Figure.  9(c).  A*  for  Fig  9  f*)  but  *t  r/X  -  79,001. 
Figure  9(C).  Ai  for  Fig  9  to)  but  »t  r/X  -  97.001 


rigvrt  10(»).  Aaleuctoi  varittlefl  tf  (l  *  ACyCg  « 

f/**4)  00»  (4«-M  *>  ■  c»vm»r>cS«<Kvt«* 
dtmtl»n  af  nmlw). 
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Figure  II.  Variation  af  drag  Intreaent  with  Ulug 

ll*e  •  fined  radial  lecatlen  (140*  average 
•  11*  *•£**«) . 


Flgur*  13.  Hor»*pav*r  required  with  rl*«  1st  accretion 
»  iMtMaln  «  prepulilve  farce  »{  1440  IVt 
*f4  (Hmt  of  30,730  IV*  front 

him  •  340*  average  .  H*  tegaent). 


The  nuoerlcai  procedure  prevlauely  deacrtVed  twelve*  a  oatrlx  ef  13  radial 
lee*lle«*  defined  at  I*  aalautbil  >eetar*,  and  require*  an  lnlen*e  taaputatlenal 
ta*k.  Therefor*.  *n  averaging  *etb«4  v**  Iwettlgeied  i»  do  tern  In*  If  •  mu 
e*pedttflt.  * «4  util  acceptable  procedure  Could  V*  eaublt*hed.  Tbt*  Inveulgatlan 
w**  approached  In  tbr*e  way*; 

ft)  Su*  end  average  the  value*  «f  Cl'AC^/Cg)  calculated  far  **th  13* 
clauthil  meter  around  the  •*(!(«  rotor  dUk  far  e»ch  redtel  location  for  * 
specified  Icing  tin*. 

(3)  fun  and  average  the  total  collection  efficiency  It)  am)  atcu*u|atlen 
parameter  t*i)  far  oath  li*  aalauthal  **cur  around  the  entlr*  mar  dUk  Value* 
#f  T  and  £2  can  then  V*  u**4  t*  calculate  an  averaged  value  »f  (leAgg/Cp)  far  each 
r*4t*l  location  at  »  *p*ctfle4  Icing  Uh. 

(3)  Sun  and  average  th*  local  Mach  nuaher  and  angle  *f  attack  value*  far 
eech  II*  acloulhal  **cter  around  the  entire  rater  dUk  far  each  radial  location 
Ceaputatlen  of  the  teial  collection  efficiency  and  atcuaulatlen  parameter  l*  then 
perforaed  fren  the**  averaged  value*  ef  H  and  »,  The  corresponding  value*  af  t 
and  AC  ta  are  then  vied  la  calculate  an  **t*uth*Uy-av*r*g*d  radial  varlatien  at 

ll'W' 

TV*  three  averaging  nethed*  have  Veen  applied  ta  the  caae  under  Inveitlgatlan 
far  an  Icing  tine  ef  40  *  with  Ice  accretlan  allaved  ta  take  place  aleng  the 
entire  *pan  af  the  rater.  The  remit*  are  ihaurt  In  Table  1  far  four  radial 

location*  alang  the  ratar  blade,  Ualrg  th*  (FScJrJJl  »»  a  ba*«,  it  can  he  *een 
that  averaging  C  and  AC  and  calculating  (legc^/dj,)  reiulta  In  e  0.30  to  3,S*» 
variation  fren  the  value*  at  (leddj/Cp).  Hawyver,  if  the  a  and  M  aveT*glng 
procedure  l*  eeployed,  hence  t  and  AC,  the  reiultlng  value*  af  (leiC^/Cg)  differ 
enly  by  >1,13  ta  1.1*1  frw  the  value*  ef  U^Cp/ip  far  an  icing  tine  af  (0  a. 
Tht*  appraach  (Method  1}  reiulted  In  a  required  hartepuver  ef  3130  to  Mlncaln  * 
prepulatv*  farce  of  H40  lb  for  the  frant-rator  thruat  of  30,730  lb  for  lee 
accreting  along  tlx  entire  ipan  of  the  blade.  In  centrau,  «hen  unaveraged  value* 
vara  u*ed  In  the  toeing  Vertol  S>63  helicopter  perforaunce  analyala,  l.a.  uhen  13 
apanuiin  coeepuu  Clonal  baya  vare  aatlgned  (UACp/Cp)  value*  far  each  of  the  3* 
axlauthal  lector*  far  the  caae  icing  cine,  DM  hp  v«*  required  to  Balmain  the 
**ae  flight  rendition.  A>  can  be  taen  far  thla  fllgtit  condition,  the  haraepover 
uhen  lying  '•alue*  af  the  detailed  13*31  nuaerical  acheaa  differ*  by  approaiaataly 
1.31  fro*  the  aoat  itspiified  oethod  of  averaging.  Therefor*  bated  upon  th**e 
remit*,  the  vat  hod  af  ccoputlng  a  and  K  and  hone*  the  perform  nc*.  appear*  to  b« 
acceptable  for  the  condition*  under  study. 
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tn  the  (•)«![<  of  the  analytical  prediction  of  p«tter»an<e 

t^n  f»r  «  ap*tlfl*d  G»t?P  helicopter  fcruard-fllght  twidlslen  In  the 
presence  *f  rime  U«  ha*  V«*h  evaluated,  The  analyst*  d.ier*tr-.S  the  hersepiver 
required  w  maintain  »f*«4  »«4  if  Ik  a  function  of  tt*«  tn  an  *j*«w4  miw<1 
Icing  encounter,  and  the  predicted  level*  of  pe»f«r»»t>ee  degradation  »(« 
qualitatively  consistent  iH’n  those  experienced  In  actual  (light.  The 
calculatin'**  Involve*  I]  r*ur  •yawls,  imlMd.  where  each  ceofutA«I«*Al  bay  uas 
assigned  a  drag  Increment  let  *  given  Icing  ita  increment  f*r  each  »f  54 
astawlhal  K(Uf«>  The  Seeing  Vend  M)  heltcepler  petfermante  analyst*  wad 
th«n  *»*ed  f»r  the  (tm  rotor  #1  the  CM9  helicopter  configuration  u  am***  the 
additional  horsepower  required  tn  avert***  the  Increased  profile  drag.  The  r*t*r 
cyclic  controls  v*r*  than god  at  necessary  w  maintain  the  flight  condition,  The 
method  a!  Averaging  ha*  also  Wen  Investigated  by  t  Severing  the  far 

»ath  11*  quidrehl  atlmutHally  at  A  fixed  radial  location  l*  t  »M  AC  hent* 
Il'ftCf/Cgl.  twdll  faulting  In  X.  AC  and  Kent*  |l*SCj/Cs),  The  pmedute  of 
Averaging  a  and  «  at  fixed  radial  locations  t»  obtain  X.  AC  and  b«n<»  tl*ACj/C0) 
yielded  acceptable  fftuUi  within  1  l.St  of  tl’ACy/C^)  aslnuthally  far  eech  it* 
quadrant  at  •  fixed  radial  location.  thui  gteatly  nullifying  the  calculation 
precaa*.  Alto,  the  extent  »f  the  spsrwUe  Icing  has  been  shewn  to  have  » 
significant  nff«ct  an  the  horsepower  required  to  maintain  the  specified  flight 
condition. 


X».»  till  rotor(74) 

The  objective  of  Utii  study  va*  to  tax*  the  currant  methodology  that  has  been 
previously  established  afid  apply  that*  technique*  to  the  XV-IS  illt-roter  system 
In  a  natural  Icing  encounter.  Since  four  modes  of  operation  at*  experienced  In 
Otic  systen,  I, a.,  helicopter  hover,  lialtcoptar  forward  flight,  tilt  rotor  and 
propallar,  the  nethodology  did  exist  to  dataraln*  th»  affact  of  rl««  tc«  accretion 
on  horaapowar  ragutrad  to  xalntaln  *  apactttad  flight  condition  at  a  function  of 
Icing  doe.  In  thla  approach,  tit*  conclwalon  can  than  V*  dtaun  aa  to  vhlth  »«d« 
of  oparatlon  txpariancat  the  graatatt  pareantaga  of  perforomo  dagradatlon  In  a 
natural  Icing  encounter. 

The  bade  aiauaptloni  uaad  in  thla  atudy  conaleted  of  the  use  of  a  tingle  XV- 
1J  propulclon  unit,  the  fuaelagt  uaa  not  reoriented  during  the  Icing  period,  no 
lee  uee  alloued  to  accrete  on  the  futeWge,  and  adjuatsent  of  cyclic  «a«  used  to 
aaintaln  the  flight  condition.  The  XV.15  prop/rotor  hat  threa  bladea  ulth  a 
radiua  of  1J.5  ft,  utaf  !WCA  44  seriaa  alrfolle  ulth  a  conatant  chord  of  14  In, 
and  hot  a  naxlna  thlckneit/chord  ratio  ranging  froo  #  to  I7t.  The  meteorological 
condition  ehoaen  eorreaponded  to  rlno  Ice  at  ate  ltvel  ulth  a  free-alr  taeparatura 
of  0°r,  liquid  uater  eontant  of  0,44  g/a^,  and  a  voluaa  median  droplet  diameter  of 
2Sas. 


Tfe*  *n*ly*i«  ch**»n  f«r  *»«h  **M  *S  fiejwUten  I*  in  T*M« 

l  r*f  *wh  s*f*  «f  ff»pMt*lwi,  it  «*»  V*  «***«» Unity  el***UU4  1m»  tv*  tjrp** 

(M  *Si»»Kh*l  VatUtfM  C«A*tilif<£  «f  Ji  fcwa.  th*  1«*1  Hath  t*i»het  *M 

angle  ef  «U«ll  U  if«UM  (to*  ib-  y*t *  Italy*!*  ef  Feeing  Vmal  C*.  <i 
a  fmatslan  %t  m«  r*4tw  f*r  **cl>  *  tetter,  F*r  ih*  heltiejur  Wmr  *<*l 
pr»?ell*r  »<*«5e*,  H,  for  the  helitepur  fotvarl* flight  and  itU-mar 

Jt— S*.  whets  e*jh  *sUm»MJ.  *«t*r  (Kutiu  *£  13®,  Yhs  imM  ef  as-staging 
(Hslheil  3)  eatlUr  hat  !*♦«  (**•!  fet  the  M»  mm,  »M  the  theotslUal 

analyst*  pre*l*a*ly  lUMrlW  ha*  3a»n  applied 


t*>« :.  hjuus:s  cs»me* 

,*3*  tut  wrefe  ness 
Fetvatl  v»i«uy  -  us  v» 
fceur  rf*  -  J4J.3J 
R*wr  tip  tfu4  -  '.-t>  ft/# 
Threat  t*iulr«a  *  JJtl  lh 
rf»p»utw  f*«v  -  U4j  u 


HSUS«??tS  WXU  W»£ 
Setet  r?«  343  32 
S#»r  tip  *f«#4  »  H8  ft/* 
Thrust  re,p»lf»ii  -  4314  15> 


Ktueem*  res'-ws  rum  uses 

Fetvatti  valstlty  -  44  3n 
h*l*r  tp*  *  343,31 
later  lip  *f*»4  -  ?«  it/* 
Thtv*t  rerylfsl  “  4)14  111 
fKpjlllW  f»««  -  311  111 


K«ftu»  i me 
Forward  velocity  -  US  In 
Patar  tp*  «•  *38.31 
Seter  tip  #p €*4  -  *t/» 

Thrwet  tegvlrsd  -  Jtl  lli 
f(»pillU«  f«M  -  >11  111 


Tjfpltil  IstteU#  ef  thi*  «v4y  at*  ikwi  «i  rig*.  1)  **4  U  *•  a  function  ef 
radial  extent  *f  Ice  v*  tli*  rail*  *f  hp(t«*)/hpU«fv)  re<*t«*ry  te  aainuln  the 
flight  condition  f*r  list**  Ulng  if***,  It  ha*  tteen  n»t*4  that  far  each  Ml*  of 
prepelsUn.  If  U«  I*  *U*v*4  t»  u<(«t<  tv  the  r»i*r  tip,  \h*  t*^lt*l  K.w»*p*«»r 
t»  wlm*ln  tli*  «*iHilttMi  fur  *  3  win  «M.»«n*r  «»*ilp  wit*  tfc* 

H«r<*F>v*r  f*r  tit*  cM<41tl*fl. 


Flgur*  13.  Horitpwr  riqulnd  v*  radial 
location  for  thrtt  fixad  Icing 
(iaat  •  hallcoptvr  liovtr  aoda. 


vt 


Figure  16,  Horaepover  r«;ulr«d  verau*  radial 

location  for  three  fixed  icing  tizai 
-  helicopter  forward  flight  node. 


vpen  tMte  c-ee-rlcal  results,  *  perftnunct  degradation  rating  c*n  now 
be  eaubVUMd.  and  t*  ah own  in  7ebls  }.  The  rating  sthea*  Me  been  utilised  >*  a 
of  rla*  ice  ucutlw.  Pet  exaaplo,  it  it*  ii  allowed  to 

accrete  to  tM  IWa  radial  location,  tho  Mllcoprsf  forward-flight  aodo  require* 
the  greatest.  o(  Mr»»f*u«r  u  aalntaln  tho  flight  condition  over  th*  clean 

«t  )«(«(>««  va!u*  «f  lnnifMr  followed  V)  the  till-mar  and*,  propeller  aada 
end  MlWepter  U»r  **d*.  it  it*  only  t*  i.M  lii  radial  location,  Oh 

MUetfur  forward. flight  miU  atiU  Oh  i<*<uic  amount  of  Mntpwr, 

*f4  propeller  oof-  Mi  wwi  Co  Uv*  second  petition  fallowed  l»y  the  heltcepter 
M  <4t  and  tlU-rowr  m 4*.  ti  it*  accrete*  to  the  (01  radial  location,  it  l* 
int  '*d  (*  note  that  (M  M.Uto?ter  forward-flight  eade  it  new  replaced  by  the 

prop*  „  **i*  followed  by  tM  Aaltcejler  hovor  aado,  TM  Mlicepur  forward- 

flight  utd*  now  dropped  to  th*  nu»ber  three  location  ‘followed  by  Oh  tilt- 

mw  n*4*. 


7A»u  j.  mrcmxct  skrasatw*  rati#s 


(spahvik  tint  tct  Accxmoft) 
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in  tuasary.  th*  pcrforaance  degradation  due  to  Icing  for  the  SCV-IJ  tlil-rutor 
aircraft  M*  Men  evaluated  In  let**  «(  horsepower  rt><}uirc4  u  aalntaln  * 
arotiflcd  (light  condition.  This  study  hit  been  conducted  for  On  ria*  let 
condition  tor  tk«  helicopter  hover,  helicopter  foivard-fllghi,  tlU-rowr  »nd 
propeller  xode*  of  operation.  Rated  on  th*  present  result*,  ih*  configuration 
tuxi*  non  aenaltive  to  f la*  it*  secretion  i*  dependant  on  the  apanvlte  extent  of 
lt«  accretion.  TM«  conclusion  then  give*  ria*  to  ih*  nec7  for  studios  of  an 
adhesion  forte/c«nirllug*l  forco  »ed«l,  ssrodynsalc  Mating  iwdel,  snd  •  furlMr 


MCA  0011  airfoil  with  generic  lce(77,7l) 

Ulnd-tunnel  totto  v«r«  conducted  with  »  tuo-dMensional  MCA  0011  airfoil 
Mvlng  *  li  in  thord  to  invittigat*  th*  offtcc  of  Mynoltl*  mtaMr  on  tb« 
Mredywaie  ptrforaanto  «ith  «nd  vitltout  a  gtntric  It*  tMp*  attacMd  to  th* 
airfoil  loading  tdg*.  Tbs  Reynolds  nuabsr  rang*  invaatlgated  constated  ot  0.36  to 
3.36  x  106  wliich  cover*  th*  operating  regia*  of  a  oodel  helicopter  rotor 
t!p(7?.60).  The  airfoil  sxperiaant  alio  mved  to  gentrato  a  data  banV  (or  th* 
generic  ice  shop*  addition  inclvdlng  roughness  in  tent*  of  C0,  CL,  C).,v.  and 
C«/4- 

Th*  airfoil  t*at*  utilised  th*  T*xaa  AiH  Unlvarilty  7*10  ft  lo«.»p*«d  wind 
tunnel,  which  1*  a  cloud. circuit  tunnel  with  a  te*t  section  7  ft  hipt,  7.0  ft  wide 
and  11  ft  long.  Any  desired  teat-section  Reynolds  nuaber  up  to  1.84xl6*/fc  nay  be 
obtained.  Lift,  dreg,  and  nosent  xeasureoents  are  taken  via  the  ain-cosponent 
external  balance.  Reaolucion  of  forcer  end  xoaenta  ia  accurate  to  wgthln  0.1  lb 
and  0.1  ft- lb,  respectively.  Upon  trsrsalaslon  of  the  xeasurexentt  to  tho  Perkin- 
Rlaer  8/16  r.  data  acquisition  and  analyst*  cosput*r  syatea,  corrections  art 
included  for  vind.tunnel  Interference  and  nodal  support  affects.  Th*  21  in  chord 
HACA  0012  slrfoll  aoction  via  aounted  vertically  in  th*  teat  section,  cantilevered 
to  the  external  balance  beneath  the  wind-tunnel  floor  and  pivoted  at  the  wind- 
tunnel  ceiling. 


f 


Hi*  generic  it*  »h*p*  utUlced  during  th*  present  uki  has  been  decuwnud 
by  U*()f)  and  Abbott.  it  *t. (It)  on  th*  win  mit  #f  a  ttt-lH  belt  taper  during 
an  Icing  flight  test  progr**.  Ths  tt*  profit*  thaaen  for  thl*  aludy  wa*  based  en 
its*  criteria  that  the  shape  ceuld  be  resaonably  »«U4  to  its*  s*>d«l  helicopter 
win  nut  Including  roughnea*  (72,14)-  The  Ml  radial  imlw  *f  th*  I3I-1M  win 
rstet  vaa  aelaeted  corresponding  t#  a  (IldsMut  condition  certesv-ending  at  *  l 
nln  Icing  -anceuntar  with  a  fr**-alr  teaperatwre  *£  *M*f  and  a  liquid  »«« 
cantenr  «f  0.7  g/*1.  fit--  li  show*  *  preJectUn  of  the  It*  shapa  a*  added  during 
the  flight  teat*  and  that  weed  an  the  tunnel  atrfelt  nodal. 


Flgvt*  IS.  (a)  Actual  lea  accretion  at  documented  during 
flight  taut  at  Vtt-iH  helicopter.  (b)  Ic*  ehap* 
uaed  an  tuwwl  nodal  (t«*t  roughness).  <e>  Coaparlten 
ef  («)  and  (b). 


Th*  MCA  0012  airfoil  merlon  V*.e  Initially  tattad  with  no  generic  lea 
addition  to  obtain  but  lint  data  and  attabllili  tgrataant  with  Abbott  and  Von 
0oeoho(f(81)  for  th*  etta  uf  A*-).}  x  10®,  Th*  ganarle  It*  *h*p*  wit  than 
attach* I  to  th*  loading  adgt  of  th*  airfoil  and  tha  tott  oatrlx  repaetad.  Effect* 
on  th*  life,  drag,  and  pitching  sonant  about  tha  quarter-chord  at  a  function  of 
angla  of  attach  and  Reynold*  leather  war*  then  etaalned  to  d«t«rnlnt  aarodyntnlc 
lntresonts  duo  to  addition  of  tit*  generic  M*  (hap*. 

In  th*  atudy  of  Uft  with  th*  addition  of  tha  atyuaetrlc  gan*rtc  Ic*  thap* 
with  roughnata,  early  boundary-layer  trantltlon  U  expected  In  addition  to 
Uadtng-odgo  aaparatlon  and  raattachwnc.  At  shown  in  Fig.  M  for  R*-0. 7x10®,  th* 
addition  of  tho  generic  Ice  shape  doet  caute  prestture  ttall  with  a  algnlflcant 
reduction  In  and  atall  angle  of  attack,  litre  It  con  alto  bo  tetn  that 
baeaut*  of  tho  asyncsecrlc  location  of  th*  ganarle  Ice  (hope  on  Ut*  airfoil  loading 
edge,  th*  wxlsua  life  coafflcUnt  and  corretpondlng  angle  of  acuck  for  both 
positive  and  negative  valuta  differ,  unltk*  that  of  th*  syaoetrleal  airfoil.  Alao 
du«  to  tho  asysaetry  of  the  Ite  addition,  resulting  In  leading  edge  boundary  layer 
aaparatlon  and  distortion  of  tho  airfoil  pressure  distribution,  caabor  la 
Introduced  resulting  in  a  sero  lift  angle  of  attsck  shift  to  spproxlaataly  -0.5°. 
This  appasrs  to  bo  consistent  at  all  Reynolds  numbers  tested,  Alao,  It  was  noted 
ther*  w»*  no  change  In  tha  llft-eurv*  alop*  which  could  b«  detected  for  the 
Reynolds  rneabtr  range  of  0.7  to  1.4  X  10®.  However,  s  slight  dependence  of  the 
oaxioua  lift  coefficient  on  Reynolds  nuabtr  Is  Indicated  in  cesparlson  to  the  no* 
It*  cvo.diuenstonsl  airfoil  values. 

Th*  increase  In  the  dreg  values  for  the  airfoil  with  generic  Ice  attached  for 
Re-2.1  x  10®  la  shown  In  Fig.  17.  Hero,  upon  cosparlson  with  tho  clean  airfoil. 
It  can  bo  seen  that  an  Increase  of  spproxluttly  1201  Is  found  for  cDo-  The  Cp 
values  Increase  significantly  as  Increases,  o.g.  exceeding  200t  at  a  CL  of  0.6. 
For  negative  angles  of  attack,  due  to  tho  asynaotry  of  tho  generic  ice  ahape,  the 
Cp  exceeds  this  value  (Fig.  17).  Reynolds  nuaber  effect*  Indicated  a  alight 
dependence  for  tho  tango  of  1.4  to  2.8  x  10®  w’ch  an  Increase  for  Re-3.4  x  10®  for 
both  positive  and  negative  angles  of  attack.  Th*  ugnituda  of  th*  Cp  la  of  th* 
sue  order  aa  that  predicted  by  Bragg  and  Crsgorsk(34)  and  Leaf 37). 


Hewnt  coefficient*  about  the  airfoil  quarter-chord  were  *Wo  xeeaured,  and  * 
repreeontatlv*  coxperleon  o f  the  elfin  and  generic  It«  cat*  I*  pr**«nt*d  In  rig. 
II  for  R*-J.l  x  10*.  Th*  newnt  coefficient  dau  for  th*  titan  configuration  art 
characterletlc  of  (Ho  »yxo*trU  airfoil  and  ar*  agreeable  within  tho  rttolutlon  of 
th*  «lnd-lunn«l  balance.  Th*  addition  of  th*  generic  let.  ahap*  r*tuU*  In  two 
affect*  on  th*  pitching  o«»ent  variation  at  a  function  of  CL,  A  taall  no**-d*vn 
pitching  oosent  cauted  by  th*  caaher  effect  ilntlar  to  the  o0  ahlft  wet  noted. 
Alee,  (he  Influence  of  the  eloulated  let  on  dC^/dC^  It  large,  where  the  elope  of 
th*  curve  becooee  poaltlve  due  to  the  region  of  Incipient  eeparatlon  and  tta 
Influence  on  tho  airfoil  proteure  dletrlhutlon  ae  a  reault  of  tho  artificial 
Introduction  of  caaher  by  the  generic  Ice  ehape.  Thla  effect  *pp«*r*d  to  be 
r*l*tlv*ly  Independent  of  Reynold*  nuaber  for  tho  rang*  teoted. 

In  *u***ry,  wind-tunnel  tetto  were  conducted  with  a  two-dloenelonal  HACA  001] 
airfoil  having  a  ]l  In  chord  to  Invaatlgete  the  effect  of  Reynold*  nuaber  on  th* 
aerodynaatc  perforoanc*  with  and  without  a  generic  lc*  ehape  attached  to  th* 
airfoil  leading  edge.  The  Reynold*  nuaber  rang*  Inveetlgeted  conslered  of  0.31  to 
3.31  x  10*  which  Include*  th*  operating  regloe  of  th*  nodal  helicopter  rotor  tip 
(79,10).  Value*  of  Cg,  Cj_.  C[..w  and  wort  proaentod  for  th*  no-tce/generlc 
lc*  airfoil  cenflguratlone.  and  have  ehown  that  th*  addition  of  al»ulat*d  Ira  to 
th*  leading  *dg*  oi  ih«  airfoil  cr*at«a  preaatur*  atall  with  a  cnnetdorable 
reduction  In  and  atall  angle  of  attack.  An  tncreeee  In  th*  dreg  value*  of 
l]0  to  ]00t  coopered  to  the  clean  airfoil  value*  v*»  xeaiured  In  addition  to  a 
•Ignlflcanc  inert***  In  the  airfoil  xoaent  coefficient  about  th*  quarter-chord 
retultlng  In  positive  value*  of  dC^/dC^.  Th*  aerodynasic  coefficient*  of  the 
airfoil  with  the  leading-edge  generic  lc*  ehowed  little  dependence  on  th*  Reynold* 
nusbtr  rang*  tetted. 


Figure  18.  Kaa»ured  pitching  noaenc  coefficient  about  Che 
quarter-chord  of  cn  NACA  0012  airfoil  clean  and 
ulth  alnulated  lc*  (Re-  2.1  x  10®). 
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Kodsl  hellcoptar  rotor  with  generis  Ice  if.*ps(?»,»0,l2) 

A  radio-controlled  wd*l  helicopter  vat  tested  tn  lit*  7  *  10  ft  subsonic 
tunnel  at  Texas  MM  University.  txtenslvo  («uln(  of  the  helicopter  vu  performed 
tn  both  the  clatn  an <1  generic  Ua  configurations  of  the  main  mar  far  haver  and 
forward  flight.  Bats  relative  ta  helicopter  perforventa  were  gathered  •*  * 
function  of  frttetream  velocity,  fuselage  angle  *f  incidence,  mein  rotor  rpee, 
rotor  collective  pitch  engle,  end  redial  extent  of  It*. 

The  generic  U*  gxeeetry  chosen  for  thlt  t«ot  I*  representative  of  a  shape 
that  resulted  from  *  3  min  natural  Ictus  exposure  of  *  loll  UMH  helicopter  main 
rotor,  as  previously  discussed  tn  tho  MCA  0411  experimental  study.  Mature!  tc* 
roughness,  because  of  tto  relative  Importance  to  th«  aeredynamle  characteristic* 
(II),  vat  simulated  on  tho  generic  let  »hap«  using  on  aluminium  oxld*  (tit.  lc 
ha«  b«*n  previously  neted(li)  that  on  tc*4  surface  roughness  V/c  of  0.001  la 
typical.  Therefore,  a  grit  alto  of  0,011  tn,  vaa  chosen  to  provide  tha  proper 
roughnase  diameter  for  thta  toot. 

Thia  lott  program  makes  uta  of  a  commercially  available  radio-controlled 
nodal  helicopter.  Tha  model  haltcoptor  haa  a  two  blade  main  rotor  that 
tncorporataa  an  untvlatad  MCA  0012  atrfotl  taction  with  a  2,3  in  conttant  chord 
and  33.373  tn  diameter.  Tho  coin  rotor  it  powered  by  an  tntamal  coabuttion 
angina  of  approximately  1  hp.  Four  servomechanism*  were  inttallod  in  the  model  to 
co-arol  the  sain  rotor  rpo,  collacitve,  and  cyclic  pitch.  In  thta  atrlea  of 
tettt,  the  collective  pitch  and  rotor  rpo  were  controlled  remotely  with  the  cyclic 
pitch  fixed  at  0°. 

The  model  helicopter  vat  oounttd  on  tha  TAHU  tubtonic  7  x  10  ft  vind  tunnel 
a  lx- component  balance,  vhich  It  capable  of  measuring  forcea  about  tha  three 
principal  axea  and  moment*  about  the  main  rotor  hub.  The  centerline  of  the  ood.>l 
vaa  aligned  and  fixed  with  tha  vind  axil.  Tvo  aountlngt  tecured  the  model,  vhich 
conaltt4d  of  one  directly  beneath  the  futalage  aligned  vith  the  main  rotor  hub, 
and  the  aecond  en  the  nedel  tall  boom.  The  tall  rotor  of  the  helicopter  vae 
removed  to  eliminate  the  effect  on  tho  main  rotor  tor<)uo  meaturementa. 

Tha  model  helicopter  teat  conalated  of  throo  phaeaa  vith  the  identical  teat 
submatrix  repeated  for  each  phase.  Tare  measurements  vere  Initially  taken  of  the 
model  vith  the  rotor  bladea  removed  alnco  tc  vae  detlred  to  ultimately  Investigate 
the  performance  of  tho  main  rotor  alone.  Tare  oeaeurementa  vere  made  at 
veloclclea  of  0  to  A0  mph  in  10  oph  lncreoenta.  rhaaa  1  then  involved  testing  tha 
hellcopcar  In  the  clean  or  no-lc*  configuration,  obtaining  thtutc  and  corpus 
oeaautemanta  aa  functiona  of  tevarai  variablaa  for  both  the  hover  and  forward- 

flight  conditions.  In  Riaae  2,  the  generic  ice  shape  vaa  applied  to  the  main 
rotor  bladea  to  the  SSI  redial  location,  and  thruac  and  torque  measurements  veto 
again  made  for  both  hover  and  forward  flight.  Simulated  ico  vaa  finally  applied 
to  the  100*  radial  location  of  the  blades  in  Phase  3,  end,  once  again,  thrust  and 
torque  meaturementa  veto  taken. 

Thrust  and  torque  meatureaenca  have  been  made  for  tha  model  helicopter  in  the 
Iced  and  no-ica  configuration  for  both  hover  (o-O0)  end  forward  flight  (o— 11°) 
conditions.  Fig.  19  abova  the  offsets  of  the  spsnvlee  simulated  Ice  accretion  In 
hover  for  a  collective  pitch  setting  of  eSo.  An  increase  of  approximately  1301  in 
torque  coefficient  la  noted  for  a  given  thrust  coefficient  when  simulated  Ice  la 
applied  to  the  main  rotor  15*  radial  location.  An  additional  increaaa  of  nearly 
1301  In  torque  ceefficlent  may  be  teen  vhen  the  generic  tea  la  applied  out  to  tho 
rotor  1061  radial  station.  Using  the  results  of  Fig.  19.  tha  large  increaaa  in 
torque  coefficient  that  occurs  vhen  the  outer  131  of  the  rotor  is  iced  can  be 
shown  os  in  Fig.  20  for  a  constant  thrust  coefficient  and  illustrated  tha 
performance  sensitivity  of  the  rotor-dp  region  to  ico  accretion.  The  apparent 
exponential  decay  in  thrust  coefficient  in  the  rotor- dp  region  for  a  given  torque 
coefficient  seen  in  Fig,  21,  again  illustrates  tha  sensitivity  of  the  outer  radii 
of  the  main  rotor  to  the  ice  accradon  pesetas. 
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Th«  farv*rd-fU;hl  tetult*  shew  COntldertbl*  perferoanca  degradation  due 
to  tb*  a(xu1*t*4  ice  accretion.  Fig,  21  illustrate*  lb*  increat*  in  letqu* 
coefficient  Am  to  the  apanvit*  it*  addition  for  *  (Win  thrutt  coefficient  or  * 
collective  pitch  an*!#  of  *5*.  An  Ikihu  of  approximately  50 1  in  torque 
coefficient  It  feyn.1  joint  ft**  cl*»n  U  tb*  151  ttoulAted  It*  cenfiguratien, 
and  *  Jwstp  of  approximately  1751  secure  in  tb*  torque  coefficient  for  tb*  IGCt 
iced  condition  over  ih*  clean  cenflguration  *t  *  given  threat  t**ffict»ni,  ThU 
ton  be  attributed  to  lb*  extent  of  le«dlng>*dg*  teparation  and  pteoawr*  boundary- 
layer  tronotiten  tbot  It  Induced  by  the  generic  it*  tbape  ot  tb*  higher  collective 
pitch  anglet. 

ror  *  given  thrust  coefficient,  terqu*  coefficient  valve*  or*  plotted  ««  * 
function  of  ipanwlio  icing  extent  o*  AtUn!  (tn  ih*  *xp«rin«nuV  data  in  rig.  2) 
for  *  collective  pitch  of  *5°.  Her*  again,  o*  in  tb*  boxer  coo*,  tb*  inert***  tr, 
required  torque  co«ffiei*nt  I*  displayed.  Tb*  tenilltvUy  of  th*  rotor-tip  region 
1*  **pb*tis«i,  e.g.  f*r  a  gtven  tbtuoc  coefficient  of  5  x  10*1,  tb*  required 
torque  coefficient  inert****  I50t  when  genetic  tc«  it  applied  to  the  1091  r*4Ul 
locotlen.  Tb*  sensitivity  of  tb*  ttp  region  appear*  to  4ecrt**«  *»  tb*  throat 
coefficient  i*  incr*a**4,  However,  even  *t  the  h'.ghatt  thtoot  c»«fflcl*nt  tbovn, 
*n  tncr**«<  in  torque  coefficient  of  100%  results  fro*  the  application  of  lb*  ice 
>b*pe  to  th«  l<V)l  rotor  r*4l*l  iocotion. 

Vben  «  constant  torque  coefficient  tx  eetnt*tn*4  *r>4  thrutt  coefficient  it 
piott*4  *<  «  function  of  *p*nui*«  icing  extent.  Pig.  14  it  obt«ln*4  for  * 
coilectlv*  pitch  of  *5*.  The  thrutt  coefficient  i*  Men  to  4«cr***e  substantially 
»«  th*  generic  ice  it  *ppll»4  to  tb*  rotor  100*  r*dt*l  location.  one*  again,  tb* 
lever*  performance  degradation  *e*eci*l*4  with  icing  to  tb*  rotor  tip  ti 
**ph*»li*4.  A*  In  lb*  prevloue  Figura,  tip  sensitivity  »pp*»r*  to  deerrat*  in 

tern*  of  percentaga*  with  Increasing  torque  coefficient,  but  con*t4*r*ble  thtvit 
degradation  aclll  exitta  for  all  torque  coefficient  v*lu«*  inve*tig*t*4.  Stall. r 
retulti  war*  ebuin*4  for  pitch  *ngle*  of  sl°  *n4  )*,  with  the  decree**  |n  tbru*t 
coefficient  for  •  given  torque  coefficient  hewing  let*  never*  vlth  decre*(lng 
rotor  collective  pitch  angle. 


I  r*::*t.  location  (ll/ft) 

Figure  1J.  Increase  In  torque  cotfflcienc 
aa  •  function  of  spanwlae  extant 
of  ice  accretion  for  a  fixed 
thrust  coefflcltnt;  forward  flight 
(o  -  -11°.  I  -  S°). 


a  function  of  spanvis*  extent  of 
ice  accrotlon  for  ■  fixed  torque 


coefficient;  forward  flight  condition 
(a  -  .11°,  1-5°) . 
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in  v-crtjry  fer  ihl*  pregr**,  *  **4*1  holittpur  ha*  b*<n  used  t*  collett  un 
4«<t  and  frovtiie  an  **f*rl**nt*l  *»*m  ef  atvdylng  heMcepwr  perfetnant*  In  the  1 
k  10  It  eubscntc  wind  tunnel  at  T««  M.H  University.  Tt>«  pr*a»nt  study  Ms 
AxuiouJ  that  mi  ef  *  node  1  helltopter  I*  *  vUble  mim  *f  procuring  such 
(IK  data,  A  SlvwMled  generU  I te  »h*p*  va*  attached  l*  the  (»tnr  blades,  first 
l*  th*  *51  t«ur  l«caiUn  and  subsequently  (e  the  1(561  radial  location,  and 
p*rf*nwnce  data  v*r*  obtained  far  bath  Lower  nut  fervard  flight,  Th.ic  <tiu 
Illustrate  significant  degradatUn  In  helicopter  perferwant*  with  respect  t« 
utpM  and  thrust  «**ffltWnt  when  t>»n  sibilated  it*  v*»  applied  (•  th*  mer 
blade*,  the  sensitivity  ef  the  r*t*r*tlp  region  va*  also  d«»*  unrated  by  noting 
the  e«tulit»f*l(U  additional  detradailen  that  occurred  vh.rt  generic  Itc  va*  applied 
t#  the  f»(«r  l*  th*  ICO*  radial  location  as  coopered  With  the  SS*.  slmiUled  U« 
perf«r»*n<*  value*. 

Recently,  another  itu.!/  by  Tin* it I  and  K*rkan(t2)  hea  been  completed  In  ub tch 
v|nd  tunnel  (i’ll!  have  sic*  bean  « endue ted  with  the  cowwrelally  available  toedel 
hellceptar  described  earlier  (•  Invastlgat*  th*  degradation  In  Min  totor  forward 
flight  p*rf*nMnt«  tsusad  by  generic  It*  iAmUh,  1))*  effect  of  Reynold*  number 
on  the  a«r*dyn**te*  f*rc«*  corresponding  l«  condition*  vlth  and  without  generic 
ie*  fonMtlen*  attached  t»  the  leading  edge  v*r«  *1»*  Investigated.  This  study 
uitHa.il  both  prlnary  and  prlnary  plu*  secondary  generis  It*  *h*p«»,  which  w*r* 
tailored  by  radially  according  to  th*  espcrlocnul  date  *f  U«()t)  and  Abbott.  »t 
*1.  (»). 


it  w«»  f*un4  In  (hl«  *tu4y  iMl  In  g«r*r*l.  far  high  fuc«l«g«  Intl4in<»i.  lh« 
pritiKi  ef  (iMlit  It*  lnir*4>K«4  »  Mtlcii'ili  fr***tr*»»  *n4  nutliiul  v*l*<Uy 
4<(xn4*nc*  (Fig.  21).  St  v«*  «U«  4«t*rnln*4  ihct  (h*  4*ct«**nu  In  p«tf*r«*n<* 
v« f«  «*vc«4  by  l<«4lng  <4g<  tepuatUn  ngUtvi  *t>4  itvt(*a>*4  «urf*<«  reughwu. 
F*r  fvlly  le»4,  I,*,,  prliufy  plvc  <«e*n4*ty  g*n*rlt  It*.  lh«  vsioelty  Inilusnt* 
upon  lift  t*  drag  MtU.  thruct  t*«ffltl*nt.  *nd  t«riu*  t#effltl«nt  *pp*r*n(ly 
dstraam  With  IftMaemt*  In  hl»4*  pllth  *nsl«. 
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Flgur*  25,  Lift  to  «6ulv*l*nt  drag  ratio.  o—ll°.  0*58 


Avrodynaalt  tbarattarlatlta  ar»  ginarally  i*?rov»d  by  datrasane*  In  fuaala g* 
angl*  of  attack.  For  lov  eollactlv*  tattlngt.  thia  loprovanant  aaasa  to  raduca 
loading  adg#  (operation  after  the  prioary  ahape  to  tha  affacc  that  parfonane*  la 
aavaraly  affactad  by  Intreaie*  In  airfoil  reughnaat.  Incraoantlne  blad* 
collective  angle  yield*  better  efficiency  values,  vblch  are  Influenced  by  the 
presence  of  generic  lee.  Ilevevar,  this  higher  blad*  pitch  Introduce*  thrust  and 
torque  coefficient  dependence  upon  velocity  chengea,  as  shown  in  Figs.  2S,  21,  and 
this  dependent*  appears  to  be  severe  for  clean  conditions,  i.e..  no  let. 


IK? 


f#l  *U  tMEitWUltMl  t.tlfd,  It  that  tb*  •( 

nt*r4xry  It*  tti* lly  th*  Whavlar  »f  th*  f*r«»*i*r*  dlMW*«*4 

tn  {till  InYaatlgatlan.  Thu*,  th*  natmlty  *f  rofttldarlng  *v*h  farMilan*  In  th* 
email  p*rf*r **«<*  4agft4*tUn  fw«n  U  at  paraaeunt  I»p*ri*n<*  It  g.natie  u« 
uatiag  I*  th«*.n  rut  th*  mm  atturaie,  but  nun*  eapenalr*  •»th*4*  *f  evaluating 
tta  «((•««  «t  it.  wntlm  «n  aircraft. 

In  *44UUn  t»  th.  «f«uJ  change*  in  *.r*4yn*»U  ferret  intrMwted  by 
variatitn*  In  (<«t  g»yn*J4*  im*ber,  ferv*r4  flight  4*t*  appear  tn  b*  influ»nt»4  by 
change*  In  ((HHftM  *h4  nuittMl  velocity  (Fig,  Si).  Tb«  4*Mni««*  of  the 
data  open  >wh  velcxUy  var  Uliana  In  apparently  enhanced  by  irstfeatea  In  blade 
(Mdi.  tM  i*  th*  pembiltiy  «f  untMl  f*rt*t  being  earned  an  ib«  4n 
in  the  high  atlidity  ml*  mulling  frta  bled.  thtrd  iMf.wtw,  any  ataetiteni 
•f  the  •(fuel*  upon  ptrUtMnt*  intraduced  by  intr inaltally  different  X*yn»lde 
im4«  My  Mt  )•  u«lU.  ttnnvii,  U  appears  ih»  th*  1)11*1  evaluated 

tn  th*  present  inveitlgaittn  nunly.  Uti  i»  drag  ml*,  thrust  teafflcient  t« 
solidity  rati*.  an-!  torque  teefficieni  i»  t«lUlty  ml»  are  adversely  affected  by 
th*  intfeaent  In  hi *4*  therd. 

in  thl*  ttudy(i]),  the  amhart  h.v.  identified  i*wwl  ar.aa  far  futur* 
Invteiigalien,  7#  yeothly  ai«U  *r  reduce  fercard  flight  4*1*  dependent*  an 
freeair***  and  rotational  velocity,  a  mar  larger  tn  diaaeter  and  blade  (hard 
tswld  ha  teii*4,  Tha  propel  intr.aent  in  thm  iva  4l»*n«ien*  ab*uld  h«  obtained 
fra*  solidity  mlat  c*»parabl*  t*  full  atsW  valu.it,  and  seal. 4  t*  m«  iha 
lequlreeenta  #f  lha  testing  facilities,  Fl«u  lUtlarity  cavld  *l»«  t>*  achieved  by 
natthing  ilw  **4*1  hallcal  lip  Hath  nuabar  t*  full  a«*U  valve*,  a  procedure 
t****nly  dan*.  tha  It *4  data  obtatned  by  tatting  *«h  a  configuration  v*uld  V* 
characterised  by  a  Mr*  mlluU  behavior,  and  batter  tutted  far  teoperletn. 


Figure  T».  Keynolda  nuaber  effects  cm  life  i«  equivalent  drag  ratio, 
claan  blades;  o--?e,  8-5° 


NUU-TUX/m-TIMl  RSriNDONTS  OF  CtimtCT  KZTUODOLOCY 

Although  th*  present  analytical  nodels  does  provida  roatonabl*  valuta  of 
p.rfonunct  degrtdaclon  for  th*  cospllcated  case  of  rotating  ayattu  tuch  at 
propolUrt  and  helicopter  rotor  blidaa,  the  aethodolpgy  require!  reflneaent  >nd 
ftrther  exulnatlon.  This  future  verb  can  be  claaalfled  Into  near*tern  and  far* 
lira. 


(*)  Quantify  caobattagAUcoahtflRg  iffaclt  due  u  it*  accretion  at  the  leading 
edge  tl  the  airfoil  with  a  retailing  thill  in  the  angle  of  «uxk  for  t«r*  lift, 
and  ha«c*  a  in  the  effective  blade  wUc. 

(W)  OetewlM  lh«  )U»(  it  ice  attretitn  »n  the  oeoenl  coefficient  m  veil  at 
Hit  coefficient. 

(c)  Investigate  *n  appropriate  centtlfugal/tdhetlon  force  wdel  end  lit 
reUtlan  to  (Hi  tpenvii*  ice  j(*vth  elerg  (Hi  mu  blade, 

(d)  Atteet  (H*  influence  «f  kinetic  heating  *n  (H«  tpanwlte  it*  growth  along 
(H«  t*t«r  bUde  and  It*  «ii*ct  *n  the  centrlfugal/adhetUn  iert*  oodel. 

(*)  itf ■*«»»! tv<  (Ho  drag  coefficient  correletien  f«r  ria*.  nixed,  and  gla«  it* 
<*ndltl*n(*). 
riM<n 

(«)  Catabllth  *  Mandardlsed  helicopter  m«r  icing  nodal  t«  h*  u*ed  in 
conjunction  with  *n  exlttlng  performance  rotor  numerical  analytic. 

(H)  Invettlgat*  (Ho  degradation  in  the  Hir  ir.J  »««  «e«U  bounder!**  due  l« 
1H0  tc*  accretion  procei*. 

(c)  Study  iH*  unmady  effecta  «n  airfoil  performance  under  ch«  influence  «f 
Ue  *ccr«ti«n. 

(0)  Determine  ih*  «(f«ct  «(  tc*  accretion  on  th«  nod*  *hapet,  nodal 
fre-puenciet,  and  ut*  diminution*  of  helicopter  main  color  bWd<t, 

(*)  Etubllth  an  airfoil  detign  capability  to  nlntnU*  it*  accretion  penalties 
for  botH  helicopter  rotor  and  propeller  ay ties*. 

Cork  ha*  flatted  and  it  continuing  in  Mveral  of  th<*«  area*.  A*  that*  mu 
reHMaent*  becoaa  available,  the  currant  nethodology  ulll  be  enhanced  and 
repreaent  improved  modelling  of  the  tc*  accration  promt  for  rotating  ayateaa. 

SVXtMT 

The  nethodology  that  hat  b*«n  developed  to  predlcc  tha  perfornanca  degradation 
of  rotating  tyttaua  in  natural  icing  condition*  Hi*  b«an  datcrlbad  and  dlteuased. 
Theoretical  atudlta  of  the  performance  degradation  incraaantl  due  to  icing 
involving  the  propeller,  helicopter  In  hover,  helicopter  In  forward  flight  and  XV- 
IS  propultlon  nodat  have  bean  tumarlced,  Experimental  ttudiaa  dealing  with  tha 
KACA  0012  airfoil  and  oodel  helicopter  uUh/wlthouc  generic  Ice  *Hepe*  In  tuyporc 
of  Ui<*<  theoretical  nudle*  have  alto  b«*n  *usiuri:ed.  In  light  of  the  reeoUs 
of  thete  theoretical  and  experimental  effort*,  refinement*  to  the  current 
aaihodology  have  baen  tuggactod. 
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SUMMARY 

A  (fight  and  wind  tunnel  Investigaiioo  ol  me  ettects  ol  aircrah  ground  deltfng'awHdng  flukis  on  the  aerodynamic  characteristics 
ol  a  Boeing  737-20QAOV  akpt ana  has  been  conducted,  The  (fight  test  was  performed  in  Koop«o.  Finland,  and  the  vrind  tunnel  test 
was  canted  out  In  the  NASA  Lewis  Research  Center  Icing  Research  Tunnel.  Fluids  tested  In  both  (tight  and  the  vrind  tunnel  Include  a 
newwnian  rieldng  iWd  and  three  oonnewtonian  antWeing  fluid a  wnmetda?/  available  during  or  prior  to  IMS,  doth  the  (tight  test 
towns  end  the  wind  tunnel  tasutts  show  that  fluids  remain  on  tlte  wing  alter  Idiott  and  cause  a  measurable  Fit  loss  and  drag  increase. 
E>ghs  nowty  developed  nonnewtonisn  Add*.  tested  only  In  the  wtnd  tunnel,  show  significantly  Improved  aerodynamic  characteristics 
relative  to  the  existing  nonnewtonian  fluids  that  wets  tested.  Wind  tunnel  teiuSs  also  Indicate  that  mo  (arid  streets  are  configuration 
dependent.  For  a  configuration  with  deflected  leading  edge  Moli-Mt  devices,  the  Raid  etfect  Is  largest  at  the  maximum  ttt  condition. 
For  a  configuratfon  without  leading  edge  NgWih  device*,  the  fluid  cttect  la  very  small  at  the  maximum  Sh  condition,  it  was  also  found 
that  the  fluid  aerodynamic  attests  are  related  to  the  fluid  sutfaeo  roughness,  particularly  In  trio  first  30H  chord. 

LIST  OF  SYMBOLS  AND  ABBREVIATIONS 

ALPKAO  Angie  oi  attack  ol  body  watenino 

ALPHAW  Angle  ci  attack  ol  wing  chord  plane  ol  SO  model 

e  20  model  chord  length 

t  Mean  aerodynamic  chord  d  30  hall  model 

Co  Airplane  drag  coefficient 

C,  Sirin  Mellon  coefficient 

Ci  Airplane  ttft  coefficient 

C,  Sectional  6h  coetfidont 

C.  Sectional  pitching  moment  coetfideni 

COSA  Drag  coetfideni  In  stability  axes 

CLSA  Lilt  coefficient  In  stability  axes 

CLSAC  Sectional  fih  coetfideni  In  st-tbiMy  axes 

CPMSA25  Pitching  moment  about  quarter  chord  ol  MAC  In  slabaity  axes 

deg  Degrees 

FVrt)  Forward 

!t  Fern 

h.H  Height _ 

In  Inches 

k  Average  fluid  wave  hetghl 

keas  Equlvalcnl  airspeed  In  knots 

kn  Knots 

L  Length 

m  Motors 

m!/h  Miles  per  hour 

rrin  Minutes 

mm  Millimeters 

P»  Total  pressure 

sec  Seconds 

T  Temperaturo 

I  Time 

V  Votodty 

W  Width 

X*  Centor  ol  pressuro  loeatlon 

Y  Height  above  model  surface 

»  Angle  ol  attack 

20  Two  dimensional 

30  Three  dimonsional 

Subscripts 

AERO  Indicalcs  ottects  ol  thrust  ore  not  Indudod 

B  Body 

c.g.  Centor  ol  gravity 

MAX  Maximum 

REF  Reference 

SA  Stability  axos 

0  Initial  valuo 

1  Condition  1 

2  Condition  2 


1.0  INTRODUCTION 


The  aerodynamic  enecu  ol  aircraft  ground  deidng/anil-tdng  fluid*  it  a  topic  thai  Ms  boor*  receiving  tnerejutng  attention  in 
recent  yew*  as  me  we  ol  these  fluid*  eecomts  mote  widespread  and  septet  tea  ted.  increased  use  ct  these  fluids  is  a  result  ol  tho 
need  lo  maintain  safety  margin*  during  adverse  weather  conditions.  The  presence  ot  frost,  ice.  or  snow  on  an  airplane  cannot  bo 
tolerated  because  ol  the  resulting  adverse  aerodynamic  etfects.  Use  of  newtonian  deicing  fluids  ensures  that  none  of  these 
contaminants  are  on  an  aircraft  at  dispatch.  These  fluds  offer  protection  ftem  frost,  lee,  and  snow  lor  a  relatively  short  time— 
typJcafly  about  15  min  In  steady  snow,  in  many  eases,  however,  exposure  tunes  prior  to  the  beginning  of  the  takeoff  run  can  bo 
much  longer  than  this,  particularly  In  adverse  weather  conditions,  Nonnewionbsn  entWting  fluids  were  designed  by  tho  fluid 
manufacturers,  In  cooperation  with  the  airlines,  lo  overcome  this  problem  by  providing  protection  for  longer  periods  ol  time.  These 
entMeing  fluids  have  been  used  extensively  In  Europe  for  many  years,  and  thrrir  use  is  increasing  in  the  United  States.  However, 
both  the  nonnewionian  amMelng  fluids  and'  the  newtonian  deicing  fluids  can  *-  “^gWy  viscous  at  low  temperatures.  As  a  result, 
there  have  been  questions  raised  by  airframe  rar-lactorers  and  airlines  about  how  compfetefy  the  fluids  flow  off  ot  the  wing  by 
liftoff  and  the  magnitude  el  possible  resulting  adverse  aerodynamic  effect*. 

Ooeing  conducted  a  wind  tunnel  test  ret  a  snefl  scale  model  in  1902  (Reference  t)  to  investigate  the  aerodynamic  o fleets  ol 
entl-ieing  fluids.  Since  Ihe  lest  was  conducted  In  an  uncooied  whd  tunnel,  tho  nonnewsorwn  anting  flu*}*  were  modified  to  have 
low-tempe<atu»e  viscosity  characteristics  at  the  warm  tunnel  temperatures.  The  results  of  tMt  tost  indicated  that  me  fluids  may 
cause  a  measurable  bit  tosa  and  drag  increase.  Hw.evet,  the  modification  of  the  fluids  and  the  smalt  model  scale  (O.j-t)  decreased 
confidence  in  the  validity  ot  those  tesufls 

In  1904  the  Association  of  European  Airlines  (AEA)  undertook  a  foflowup  to  the  Doelng  Investigation.  The#  objective  was  to 
test  a  larger  scale  model  In  a  ccid  wind  lunrud,  which  would  allow  tho  use  ot  unmodified  fluids,  tn  a  three-phase  investigation  that 
extended  through  1907  (References  2, 3,  end  4)  they  found  the;  aircraft  ground  deieing'anli-icing  fluids  do  cause  measurable  flit 
losses  and  drag  Increases.  These  lests  were  an  Important  step  forward  In  understandotg  tho  aerodynamic  effects  of  fluids. 
However,  they  still  did  not  overcome  afl  of  the  tfrqwbacn*  ol  the  early  Boeing  tesla.  Although  ma  model  scefe  was  much  larger  than 
In  the  Boeing  test,  it  was  stifl  only  0.50,  and  h  wa?  a  20  model.  This  stilt  left  some  question  about  scat#  otfocts  ond  three, 
dimensional  effects,  Also,  no  data  were  obtained  on  the  effect  of  the  fluids  on  the  maximum  Uh  coefficient. 

The  objective  ot  tho  present  Investigation  was  to  overcome  the  drawbacks  of  theso  oaths?  tests.  To  minimitn  questions  raised 
by  scale  effects,  a  (fight  test  of  fluid  effects  was  conducted  on  a  737-200ADV  ahptano.  In  order  to  ensure  tltat  the  tost  would  be 
conducted  In  cold  weather  conditions  and  lo  allow  tho  uso  of  unmodified  fluids.  It  was  performed  In  Kuopio,  Finland,  during  tho 
month  ol  January.  Tho  flight  lest  results  were  then  correlated  with  results  subsequently  obtained  on  e  smait-scate  model  in  a  cold 
wind  tunnel.  Tha  wind  tunnel  program  allowed  a  wider  range  of  tcmperaiures,  eonfigmofierw.  dam  measurements,  and  fluid 
formulations  than  the  flight  test.  It  also  afloued  ihe  effect*  of  tho  fluids  on  the  maximum  bit  coefficient  to  be  determined.  This  paper 
presents  the  results  ol  the  flight  test  and  the  wind  tunnel  test.  Included  is  a  discussion  ot  results  from  tho  wind  tunnel  tMt  provide 
insight  Into  the  physical  mechanisms  behind  the  fluid  aerodynamic  effects. 

2.0  FLIGHT  TEST 

The  flight  tost  was  a  joint  otfort  ol  Boeing  and  tha  AEA.  with  ar, si  stance  from  threo  fluid  rnamt-acturots.  Tho  AEA  provided  tho 
tost  airplane,  gave  lechnlcal  assistance,  and  hosted  the  testing  ot  the  European  tost  sflo.  Booms  installed  the  msirumomation  on 
ihe  alrptano,  planned  and  conducted  the  flight  test,  end  analysed  the  data.  The  fluid  mcnufaetuiora  provided  tho  fluids  and 
transported  them  to  Ihe  test  site.  The  flight  test  was  conducted  from  January  11  to  January  20,  1988,  at  Kuopio,  Finland. 

2.1  TEST  DESCRIPTION 

The  objective  of  tho  flight  tost  was  to  determine  the  effects  ot  ground  dole!  ng/anti- icing  fluid*  on  the  aorodynamics  of  a  largo 
Jet  transport  aircraft.  In  particular,  data  on  iho  effects  of  Ihe  fluids  on  Bit.  drag,  and  handfing  characteristics  wore  desired. 

Two  basic  types  ot  fluids  were  tostod-newtonian  deicing 
fluids  and  nonnewionian  antWcwg  fluids.  Newtonian  deicing  flu- 
ids  have  a  high  glycol  content  (minimum  BOSS)  and  a  relatively 
low  viscosity,  oxcept  al  very  cold  tomperaluros.  The  viscosity  is 
a  function  ol  temperature  only.  Theso  fluids  provide  limited  pro¬ 
tection  against  refreozlng.  Eihyteno-glycol'based  newtonian  flu¬ 
ids  are  tho  principal  type  ol  fluid  used  In  the  United  States. 

Nonnewionian  anil-icing  fluids  have  a  minimum  glycol  content  ol 
50%  with,  typically,  45%  to  50%  water  ptus  thickeners  and  In¬ 
hibitors.  They  provide  good  protection  against  refreozlng  ond 
are  used  jxtonslvoty  In  Europe.  Their  use  in  tho  United  States  is 
Increasing.  They  are  highly  viscous  st  low  sneer  ebons  levels, 
and  their  viscosity  decroasos  dramatically  as  shoar  stress 
Increases. 

The  four  specific  fluids  lostod  were  provided  by  Hoechst 
AG,  Kilfrost  Ud.,  and  Union  Carbido  Corp.  Fluid  1  was  a  non- 
ethyteno-gtyeol'based.  AEA  Type  I,  newtonian  deicing  fluid. 

Fluid  2  was  a  pre-1987  (obsdoto)  nonnewionian  anlMdng  fluid. 

Fluids  3  and  4  wore  1987  nonnowtonian  antl-ldng  fluids.  Fluid  3  was  considered  lo  be  the  ‘baseline"  fluid  lor  the  test  becauso.  at 
the  tlmo  of  the  tost.  It  was  representative  of  tha  most  widely  used  nonnewionian  anti-icing  fluids. 

All  fluids  were  dyed  with  a  0.005%  concentration  ol  Rhodamlno  6G  fluorescent  dyo  by  tho  fluid  manufacturers.  This  improved 
fluid  visibility  and  allowed  the  uso  ol  an  ullraviolot  photographic  techniqua  to  measure  fluid  depth  and  roughness. 

The  fluids  wore  appllod  lo  the  wing  and  horizontal  stabilizer  upper  surfaces  using  a  two-stop  procedure,  based  on  tho  AEA 
spedfication.  The  first  stop  was  to  dolce  the  surf aeos  using  a  hot  50/50  mixture  of  Fluid  1  and  watot,  Tho  second  stop  was  to  apply 
the  cold,  undiluted  fluid  to  be  tested.  Both  steps  were  performed  using  the  Finnair  EFf  2000  deicing  vehicle  shown  applying  tho 
fluid  In  Figure  1 .  Tho  only  exception  to  tho  two-stop  procedure  was  for  tho  testing  of  Fluid  1,  tho  doidng  fluid.  In  that  case,  oxcept 
for  Ihe  first  flight  ol  the  test  series,  for  which  It  was  necessary  to  deice  tho  eirplano,  only  a  single  application  of  cold  100%  Fluid  1 
was  made. 
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An  a'txjatd  data  system  allowed  as  Important  airplane  parameter*  10  be  recorded  si  s  function  of  lime,  Including  pew 
weyht.  censer  of  grav-ty,  engine  psrsmesof*  (to  compute  thrust).  velocity,  snd  attitude.  In  addition,  video  and  photographic  records 
ol  fluid  no  wo  ft  betwet  wore  made,  and  fluid  tamptei  tor  defining  theological  properties  wore  taken.  A  new  fluid  film  depth  user 
probe  was  developed  speoflealiy  lor  this  test  to  aSow  the  fluid  depth  at  specific  locations  on  the  wing  to  bo  determined  as  a 
(unction  cf  time.  However,  a  probe  caBbration  problem  United  the  ucefutnes*  of  these  data.  A  complete  description  of  the  Instru¬ 
mentation  Is  given  in  Reference  5. 

The  flight  test  stfpbwa  was  a  737-I00ADV,  ft  was  dry  leased  from  Lufthansa  AirSnes,  rental  free  on  behalf  ol  me  AEA.  Testing 
was  periormed  using  takeoff  flap  settings  ol  Flaps  5,  which  has  a  sealed  slat,  and  Flaps  15,  which  has  a  gapped  slat.  The  thrust 
and  weight  ol  the  airplane  were  varied  in  order  to  keep  me  rime  to  Mott  and  the  Mott  velocity  approximately  constant  lor  all 
lakeotls  at  a  given  tup  setting.  The  exceptions  to  this  were  those  frights  In  which  the  effect  of  these  parameters  was  being 
studied. 

A  series  ot  takeoffs  was  peitormed  ai  each  tup  setting  over  a  targe  of  attitudes  to  establish  on  curves  In  ground  effect.  Each 
taseoff  defines  a  single  pomi  on  me  tilt  cur-M  for  a  given  fluid  or  for  the  dry  wing.  This  was  done  by  rotating  the  airplane  early  to  ihs 
desired  attitude  and  then  continuing  to  aeceleiate  at  that  attitude  through  Matt  end  Initial  efimbout. 

2.2  RESULTS 


A  typical  set  of  Fit  curve*  I*  shown  in  Flgu'e  2.  Tho  fill  Is  eleariy  tower  with  the  fluid  on  the  wing  than  tor  the  dry  baseline,  and 
ihe  magnitude  of  me  Hit  less  Increases  with  increasing  angle  of  attack.  Note  ihat  the  flagged  symbol*  correspond  to  "norma)' 
sakeotf s  (no  early  mutton). 


Figure  3  summarises  me  lilt  toss  results  tor  ad  of  the  fluids  at  a  body  attitude  of  12  deg.  This  corresponds,  approximately,  to 
tho  nne-sttginecut  takeoff  safety  speed  condition,  The  airplane  eg,  height  lor  these  data  is  2.50m  (0.5  ft),  which  corresponds  to 
the  condition  when  the  tires  have  just  cleared  the  runway,  Due  to  ebnormalty  warm  weather  conditions,  no  data  weto  obtained  at 
tomperaturo*  bn  tow  about  -10*C.  The  Sft  tosses  for  the  Flap*  5  configuration  range  from  about  6%  for  Fluid  3atT*  -10'Cto  less 
than  2%  for  Fluid  4  at  -3*C.  For  the  Flaps  1 5  configuration,  the  fl!t  tosses  ran  "  from  about  7%  for  Fluid  2at-tO*Clo  about  2% 
for  Fluid  4  al  T  «  -3*C.  Dased  on  Iho  measurement  uncertainty  for  gross  weight,  velocity,  and  angle  ol  attack  at  Mott,  the 
estimated  uncertainty  In  the  effect  ot  the  fluid  on  BE  Is  ±  1,5%, 
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figure  2.  Typical  flijbf  Test  Utl  Curves  With  and  Without  fluid  figure  a  fSght  Till  Results  lor  Effect  ot  FtMs  on  Utl 


A  very  limited  assessment  was  made  ol  the  effect  ol  variation*  In  time  to  Cftofl.  speed  at  liftoff,  and  fluid  exposure  tlmo  The 
results  showed  no  measurable  elfect  for  any  o!  these  parameter.  One  fright  was  also  made  In  which  fluid  wts  put  on  tho  led  wing 
only.  Tho  pilot  toponod  no  noticeable  etlect  ol  this  fluid  asymmetry  on  tho  handling  characteristics  ol  the  airplane. 

The  ottect  ol  the  fluids  on  the  average  takeoff  acceleration  drag  during  tho  grovnd  tun  t*  shown  In  Figure  4  for  tho  Flaps  5 
configuration.  The  drag  increase  varies  Item  about  24%  lor  Fluid  2  at  T  »  -10*C  lo  about  4%  lor  Fluid  1  at  T  »  -10*C. 

An  ultraviolet  photographic  technique  was  used  in  an  attempt  to  obtain  fluid  depth  and  toughness  data.  Tho  fluid  was  dyad 
with  a  0.005%  concentration  ol  Rhodamino  6G.  which  Is  a  fluorescent  dye.  A  OO-mm  Hasselbtod  camera  was  mounted  on  tho 
vortical  fin  and  locused  on  the  65%  span  region  of  Ihe  wing.  Ultraviolet  strobe  lights  located  in  cabin  window  cutouts  ot  Iho  wing 
root  woto  synchronised  with  tho  eameta  to  obtain  photographs  ovory  2  sec.  In  order  to  mMmi/.o  ambient  light  Interference,  those 
flights  woro  performed  at  night. 

Figure  5  is  a  nbotocraph  ol  Fluid  3  ot  T  »  -tO*C  at  8  sec  aflor  brake  rcteaso.  Increased  lluorescenco  corresponds  to 
mcroased  fluid  depth.  Fluid  waves  have  just  slatted  moving  ah  and  tho  Ituid  surfaco  has  bocomo  rough.  Figure  o  is  nom  mo  samo 
lligh\  but  just  alter  Moll.  This  photograph  elaarly  shows  a  secondary  wave  moving  all  from  Ihe  wing  leading  edgo.  This  secondary 
wave  was  observed  on  virtually  all  frights.  II  is  hypothesised  to  be  a  result  ol  ihe  higher  shearing  stress  that  dovotops  near  tho 
leading  edge  alter  rotation.  This  towors  the  fluid  viscosity  and  “scrubs"  tho  remaining  fluid  irom  mat  area.  Tho  movement  ol  tho 
wing  leading  edge  attachment  lino  (me  dividing  line  near  the  wing  loading  edge  between  flow  over  tho  upper  aurfaco  and  flow 
under  tho  lower  surface)  toward  thy  tower  surlaco  as  tho  angle  ol  attack  increases  Is  probably  also  a  contributing  factor  to  tho 
secondary  wavo,  Figure  0  also  shows  Hint  the  fluid  is  rolalivoty  thick  In  the  locally  low  shearing  stress  region  nhond  ol  Iho  flaps, 
and  ft  ta  relatively  thin  in  lhat  portion  ol  mo  forward  region  ol  the  wtng  that  has  not  yet  been  alfoctod  by  the  secondary  wavo 

13  FLIGHT  TEST  CONCLUSIONS 

Tho  primary  conclusions  lhat  can  bo  drawn  from  tho  737-200ADV  (fight  tost  results  are  as  foitows: 

1)  The  fluids  cause  «  moasurablo  lift  toss  and  drag  Ineroaso. 

2)  In  most  cases,  tho  lift  toss  is  higher  for  the  Flaps  15,  gapped  slat  configuration  than  for  tho  Raps  5,  soaiod  slat 
configuration 


3)  The  olfoct  of  tho  fluids  on  tho  handling  qualities  of  tho  airplane  Is  not  noricoabio  to  mo  pitots. 

4)  A  secondary  fluid  wavo  flows  back  trom  Iho  leading  edgo  Immediately  after  rotation. 
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3.0  WlNO  TUNNEL  TEST 

The  wind  tunnel  test  was  conducted  si  Iho  NASA  lewtt  Bcsesrch  Censer  Icing  Besearch  TUnnol  (1BT1  (tom  Apti  4  through 
April  30. 1053.  Ii  was  a  join!  GoeingfNASAMEA  ettort.  with  assistance  from  loot  fluid  manufacturer*.  Booing  planned  end  con¬ 
ducted  mo  ted,  designed  and  boat  iho  models  and  installation  hardware.  analyzed  iho  data,  and  documented  me  results.  The 
NASA  Lewis  Besoareh  Center  provided  end  operated  me  IBT.  assisted  In  mo  tunnel  modification  and  model  installation,  and 
monitored  ilto  test  and  data  analyse.  The  AEA  monitored  use  test  to  maintain  continuity  with  the  AEA  deKingiantl-tcmg  fluids  study 
program.  Tho  fluids  that  were  tesied  were  provided  by  lour  fluid  manufacturers— Hoochst  AO,  Kllfrost  Ud..  SPCA,  and  Union 
Carpido  Corp. 

3.1  TEST  OESCB1PTION 

The  wind  tunnel  test  had  five  primary  objectives; 

IJ  Determination  ot  tho  effect  of  the  fluids  on  the  maximum  lift  eoetfieioni.  This  was  ono  of  tho  most  important  objectives. 
Maximum  lift  with  fluids  cook)  not  bo  investigated  In  flight  because  that  would  have  required  the  airplane  to  bo  stalled  near 
me  ground. 

2)  Testing  over  a  wider  range  ol  temperatures,  high-fiti  configurations,  and  fluid  formulations  than  was  done  in  mo  flight  last. 
This  was  msdo  possibla  by  controlled  laboratory  conditions  and  iho  lower  cost  ol  tho  wind  tunnel  tost  relative  to  tho  flight 
test. 

3)  Measurement  ot  boundary  layer  data  and  fluid  film  toughnoss  lo  achieve  a  bettor  physical  understanding  ol  tho  lilt  loss 
mechanism. 

4)  Providing  fluid  manufacturer!!  an  oppotlunliy  lo  tmprovo  fluid  technology  through  aerodynamic  testing. 

5)  Contributing  la  a  databaso  for  establishing  aerodynamic  acceptance  standards  for  rircralt  ground  dole)  ngfam  Hang  fluids. 

Tho  NASA  Lewis  IBT  layout  Is  shown  In  Figure  7.  It  Is  a  dosed  drcuil,  single  return,  continuous  flow,  dosed  throat  lunnol  with 
a  tost  section  sizo  ol  1.83m  (6  It)  high  by  2.74m  (g  ft)  wide  by  6.10m  (20  ft)  long.  Tho  tunnel  tampernturo  can  bo  varied  from  +27*C 
to  -29*C,  Tho  tost  sodion  tuibulrnco  level  Is  approximaloty  0.5%.  The  maximum  tunnel  speed  Is  171  m/s  (560  It/s). 

Bolh  a  30  hall  model  and ..  20  model  wore  tested.  Figure  8  shows  details  o(  the  3D  half  model,  which  was  a  0,031  scalo 
model  ol  tho  737-200 ADV,  It  was  mounted  on  a  splitter  wall,  which  housod  mo  turntable  and  force  balance.  Testing  was  conducted 
both  with  and  without  a  ground  piano. 

Flgum  v  shows  details  ol  the  20  model.  Tho  airfoil  corresponded  lo  that  of  mo  65%  span  station  of  tho  737-200ADV.  Tho 
modo"  scale  was  0.18,  and  tho  chord  was  0.457m  (1.5  ft).  Oasod  on  commonly  aecuptod  wind  tunnol  practices,  tho  chord  longth 
was  L  etnd  lo  ono-quarter  ol  Iho  tunnel  hoight.  Tho  model  was  mountod  botwocn  two  splitter  walls,  which  liousod  tho  rurntabtos 
and  tho  force  balances.  Figure  10  shows  tho  various  2D  modol  configurations  that  were  lostod. 
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The  tour  flute;  teued  In  the  Egltt  test  (FluMs  1, 2. 3,  and  *)  w ora  also  lettfrd  in  the  vted  tunnel,  Abo  included  in  the  wind 
tunnel  tejf  weto  tvero  eight  nonnewtonisn  "experimental*  fluid*  developed  by  the  foot  fluid  manufacturers  participating  to  the  ten. 
A*  was  done  In  the  ISgnt  test,  afl  fluids  »era  dyed  with  a  0.005H  concentration  ol  Rhodamino  CG  fluorescent  dye  by  the  flvd 
manufacturers,  This  was  done  to  Improve  fluid  visibility  and  to  eflow  the  use  ol  an  uflravtolet  photographic  technique  to  measute 
fluid  depth  and  toughness. 

Data  obtained  In  the  test  Included  me  following: 

1)  Foreo  dala  horn  Internal  balances 

Z)  Fluid  lam  depth  (gap  gauge  measurement  ol  Initial  depth  and  ufltavWeiflhtoteseent  dye  photogtaphy) 

3)  Video  teeotdings  ol  fluid  fiowotl  chataeterlsties 

*)  Oeundaty  layet  total  ptessuto  proMes  (selected  SO  model  configurations  only) 

S)  Wing  surface  static  pmsuios  (30  upper,  10  tones  20  model  only) 

Tho  data  system  provided  online  plots  within  about  10  min  ol  the  completion  ol  the  run.  Final  plots  were  avaJtabto  within  an 
hour  The  head  ol  ihe  dala  acquisition  system  was  an  H PS 015  computer,  which  sampled  each  ol  the  20  input  channels  lour  limes 
per  second  Tho  oulpul  (mm  tho  HP0845  was  led  directly  into  a  DEC  MieroVAX  minicomputer  lor  Immodiaio  dale  .rnaiysts,  Output 
was  then  plotted  on  a  laser  printer;  A  lyptotl  onlioa  data  plot  Is  shown  In  Figure  <1, 


Tho  basic  lest  procedures  were  as  follows.' 

1)  Wipe  the  wing  clean  with  dry  rags, 

2)  Wipe  on  a  thin  Film  o!  50/50  water/Fluid  t  mixture. 

3)  Pour  the  fluid  to  bo  tested  on  Ihe  wing. 

4)  Use  a  fluid  scraper  lo  get  the  deslrod  depth 
(usually  0.5  mm), 

5)  Operate  the  tunnol  at  Idle  speed  ol  G  m/s  (12  koas'i 
lor  5  min. 

6)  Linearly  Incroaso  tho  lunnol  speed  to  G9  m/s  (135  keas) 
in  30  soc. 

7)  At  t  m  25  soc.  rotate  tho  modol  from  0  degrees  to  tho 
desired  altitude  at  3  deg/s. 


MIM.M 

f/juro  t ;.  Typical  Online  Dala  Plot 


8)  Continue  operating  tho  tunnel  lot  30  sec  past  end  ol  rotation. 
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Because  of  the  chsrscterUrtos  of  I ho  tunnel  motor  eo «W<  system,  me  tunnel  speed  first  increased  bom  m©  itfo  speed  of 
»KHrt  6  rtVs  (52  KmjJ  fa  a  *peed  of  about  12  ltd*  (2«  k«»l.  where  ft  remalnW  «M  several  seconds.  The  subsequent  tunr*}  Sow 
xc#m to 03 w/s (135  ks«) continued lor approximately the ne« 25 s-  ,,  a?  irnqrm In  P$ore  it.  This  tunnel  no*  acceleration 
(negiectt>g  m©  wiSai  acceleration  » t2  mfi  (24  IesmJ)  meshed  fce .. . '  ■*  airplane  fsgh(  ten  ground  ton  acceleration  very  wed, 

22  30  NAIF  MODEL  RESULTS 

A  typical  »1  of  mreeccmpeoeni  data  ter  me  30  had  rwdel  u  shown  In  Figure  12  Thd  figure  shews  w  ceerftcfent  versus  1) 
body  angle  of  asack,  2)  drag  ccetfieienL  and  3)  pitching  momer*  ceofScieni,  There  are  fata  Off  besefine  rvn*  and  4  single  Wd  run 
shown.  tba  effects  of  me  fiwid  aro  efearty  evfdenb 
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Figure 13  show*  a  summary  of  mo  tit  lasses  duo  10  the  Ru>d*.  in  roo«  eaws,  the  toss  is  higher  ai  man  ni  alpha  *  7  dog. 
This  was  on*  of  Iha  mosl  imppruni  results  of  mo  wind  tunnel  ion.  since  data  ai  Ci_  coukl  not  bo  obtained  w  iho  (tight  lost.  The  in 
to«.  in  moat  cases.  increase*  aa  mo  lompoiafuio  decrease*.  The  losses  are  aignaicandy  Mgner  too  mo  Ftapa  IS.  gapped  stat 
configuration  man  for  mo  Papa  5,  aoafod  tiat  configuration,  This  Increased  Mi  tea  la  befieved  to  resuB,  In  pan,  from  a  larger 
secondary  livid  wave  that  moves  bask  from  the  leading  edge  niter  rotation  man  Is  present  on  the  Flap*  5.  seated  »i»i  configuration. 
Data  accuracy  la  estimated  to  bo  aboul  ♦  IH,  baaod  on  Iho  observed  wpoaiabisi/  of  iho  dry  wing  and  mo  "wdn  HAT  daia. 


A  comparison  of  iho  £5  losses  lot  mo  Papa  S  configuration  with  moao  from  iho  light  tool  la  shown  In  Figure  U.  Tho  (fight  loti 
result*  are  shown  (or  0  body  attitude  of  12  dog.  This  eortesponds,  approilmaiofy. to tho  coe-engino  Inoperative  takcufi  safely  speed 
conation  and  is  about  7540  of  C^.  Tho  wind  iunoof  result*  aro  shown  lor  0  body  attitude  of  7  dog.  which  results  In  a  Ml  eoetfieiem 
which  la  also  (bout  7514  ol  C,_,Oocausa  of  tho  largo  Reynolds  number  dtletonco  between  (tight  end  wind  tunnel.  It  la  boSoved  that 
iwa  approach  givoa  a  bonei  match  of  iho  boundary  layer  condition  Ilian  a  comparison  at  iho  samo  angle  of  attack.  Tho  agreement 
between  wind  tunnel  and  (tight  data  is  within  the  estimated  accuracy  of  tho  data  for  aa  cases  except  Fluid  2  and  la  suifidem  10  lend 
credence  to  the  direct  use  of  the  wind  tunnel  tosuRS.  In  spite  of  (he  smaK  model  scale.  The  agreement  with  the  Itight  toil  data  for  the 
Flaps  IS  configuration  (not  shown)  la  iWf  14  that  of  the  Flaps  S  configuration. 
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Fk}un  12  30  Halt  Model,  Utl  Loss  Dim 
to  FhikJi 


Flgum  14.  Comparison  of  30  Had  Mode/  Lit  Loss 
\m  FEghl  Tost  Rasutts 


Tho  drag  increase  due  to  tho  fluids  15  soc  alter  mo  atari  ot  tunnel  acceleration  is  shown  in  Figuro  is.  inis  timo  corresponds, 
approximately,  to  tho  timo  during  the  airplana  ground  foil  at  which  me  avorago  ink-roll  acceleration  drag  occurs.  It  la  InioresUng  to 
noia  that  the  fluids  that  have  the  lowost  till  loss  at  mo  takeoff  safety  speed  condition,  aa  shown  previously  In  Figure  13.  do  not 
necessarily  have  tho  lowest  inkootl  acceleration  drag  Increase.  In  panlculat,  for  the  Raps  5  configuration.  Fluid  4  results  In  n  larger 
takoott  acceleration  drag  Increase  man  Fluid  3  al  T  »  -20*C  oven  though  It  results  in  a  much  smaller  lilt  loss  at  tho  takeotl  satoly 
speed  condition.  This  is  probably  a  result  ol  Iho  early  rough  surface  riovatopod  jy  Fluid  4.  which  Increases  mo  shoarlng  slross 
acting  on  the  fluid.  Ties  makes  llio  fluid  Row  oil  more  quickly,  resulting  In  a  cleaner  wing  and  a  relatively  low  till  loss  al  mo  takeoff 
safely  speed  condition. 

Tho  drag  Increase  due  to  tho  fluids  al  Iho  takoott  safety  speed  condition  Is  shown  In  Figuro  1C.  For  most  cases,  tho  drag 
Increases  are  larger  lor  the  Paps  15  configuration  than  for  the  Flaps  5  configuration. 
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Ffcum  15.  30  Kit  MeOKTcAeoHAa^kittSon  figure  16,  30  Kat  M»kt  Drag  IncKitO  il  RUeeff 

0-43  sxreare  Ouo  «  finds  3a.'<ry  Speed  Cws  to  ftjdi 

Figure  it  shjirt  w«  drag  bcrewc  du«t  to  wo  Wds  at  me  wn  ol  me  second  segment  climb  (gear  up  height).  wtuch  occurs  at 
about  iO  sec  afwr  theft  A  ewjS(>}«  wfm  Pgv»e  1 0  shews  was  me  drag  tuts  already  erecged  sigivSeandy  horn  ifui  »i  we  wna  ol 
»ft{«  This  powerful  effect  0(  tiro  after  theft  pirne  fetitf  We  end  c(  rotation)  on  We  drag  merease  due  to  me  tved  it  shown  in  Figure  18. 
A ft*e  one  minute.  ins  drag  Increase  fee both  flap  cenSguratSont  has  dropped  io  about  IbHoiKs  Wfiai  value  after  theft, 

Ahneugh  n<*  shown,  X  was  also  found  that  me  Duka  decrease  ins  magnftuoe  ei  t he  pftcWng  moment  about  iho  euaner-chord 
location  ©I  wo  mow  aerodynamic  ehoni  rebtsve  to  mat  et  we  dry  wing.  Thai  is,  it  the  dry  wing  phoning  pomjfi  u  negative.  mo  foeo 
Increment  ts  possHe;  if  me  dry  wing  pacing  moron!  b  pos-hivc.  mo  PeW  Increment I*  negative,  Thus  indicate*  mat  mo  pitehwg 
moron!  I*  being  affected  primary  by  WTi  taea  In  aft,  tamer  man  a  change  in  the  tfisiftdutron  of  me  (ft. 
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figure  17.  30  Hat  Model  Orag  Inmate  Doe  to  Fkiku 
of  Sian  o/  Second  Segment 


Figure  IS.  30  Kit  Mock)  Drag  increase  Vfccsus 
Tune  Due  to  Fluid 


3J  JO  MODEL  nesuas 


A  typical  mi  of  Wfeo-componom  data  lot  Wo  20  model  1*  shown  in  Figure  19.  There  are  mice  diy  baseline  ren*  and  a  single 
fluid  ren  shown.  Again,  the  effects  ol  the  fluid  we  dearly  widen!. 


Figure  IB.  Typical  Thiee- 

Component  Oita  tor 
70  Model 


•  05*  span  section  «  NASA  lewis  HIT  ‘Fluid  3,  T“-2<rC 

d  737-200A0V  •  Flaps  S,  sealed  stat 


AUWO  COSA  CPMSA25 


A  summwy  ol  iho  fill  losses  duo  to  Iho  fluids  lot  iho  Flaps  5.  sealed  slal  configuration  B  shown  in  Figure  20.  Tho  nccurecy  ol 
these  dale  is  estimated  to  bo  ±1%.  based  on  tho  observed  repeatability  ol  the  dry  wing  end  "with  fluid”  data.  Tho  data  are  shown  at 
8  dog  and  et  Cw  An  anglo  ol  attack  ol  8  dog  rept esents  tho  takoofl  safety  speed  condition  for  tho  20  model,  corresponding  to  about 
75%  of  C,_.  Note  that  for  the  20  mode)  the  angle  of  attack  ol  the  wfng  chord  plane  is  used,  while  for  the  30  model  tho  anglo  ol 
attack  of  a  body  water  line  Is  used.  On  Iho  737-200ADV.  tho  wing  chord  piano  Ineidenco  is  1  dog  reisllvo  to  a  body  walor  lino. 


J4-S 


TNs  result*  shown  h  Figure  20  Indicate  that,  In  many  eases,  tha  in  kjss  at  Cv„  tl  tower  than  the  Eft  loss  at  8  deg.  This  Indtoato  j 
the  Emporuneo  d  ihrwSmensienal  effects  on  Cv_^  since  if#  30  hart  mctoel  mins  had  higher  Eft  losses  at  than  at  7  deg  tor 
almost  aS  ease*.  It  U  also  tniercsiing  to  rare  mat,  at  a  temperature  ol  -W*C,  u»  Eft  tots  tot  FhW  t ,  which  h  a  oowtonian  RyW,  t» 
about  13%  at  C^,.  TNs  is  signifies  higher  than  the  corresponding  9%  Eft  toss  due  to  FWd  3,  which  la  a  nonnewsonlan  fluid.  At 
warm «r  temperatures.  FWd  t  has  tcw«<  fct  tosses  than  FkAJ  3. 

Thera  t»  no  reason  to  expect  agreement  tn  tft«  absetota  to«l  ol  tit  tosses  on  tho  two  medals,  tinea  tha  30  (nodal  Is  represenia- 
live  ol  only  tha  outboard  portion  ot  tha  30  hait  model  However.  In  comparing  tho  two  eats  ol  data,  It  was  found  mat  there  Is  an 
empirical  factor  that  can  be  appSed  to  the  JO  data  at  a  given  condition  ttvat  gives  agreement  within  2%  el  ma  30  halt  modal  tft  lots 
yah**  tossSc/ the  fluid*,  ThUfct  shown  In  Figure  21  at  the  maximum  tft  condition.  Since  the  estimated  data  eecutacy  Is  ttH  lot 
horn  models,  theta  teswft*  Indies!*  very  good  agreement  between  tha  two  cases.  This  Indicates  that  issues  on  the  20  model  can  be 
wad  to  estimate  net  only  vends,  but  also  absolute  levels  on  the  30  hatt  model,  lot  this  particular  airplane.  This  good  correlation  Is 
probably  e  result  ol  the  tad  that  the  20  modal  aWoft  is  based  on  me  critical  wing  section  lot  atas,  whicn  Is  the  section  mat  dominates 
wing  bahavlot  at  C*.*. 
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fljuti  JO.  JO  Worse/  W  lots  Quo  to  Fluids  Figure  11.  Comparison  ol  10  Mode/  and  30  Mo do/  in  Loss  ar 

Maximum  in 

One  ol  the  most  important  results  ol  tha  tost  was  the  significant  reduction  in  Eft  loss  lot  tha  newtydovetopod  'experimental' 
fluids,  as  compared  to  tha  bascEno  1087  nonnewtonlan  fluid.  Fluid  3.  Tho  experimental  fluids  ware  tested  only  on  tho  20  model,  and 
only  oo  the  Flaps  S.  sealed  stat  configuration.  Tho  ER  loss  resutta  at  a  tomperaturo  ol  -20*C  are  shown  In  Figure  22.  The  Eti  losses 
for  Fluid  t  and  Fluid  3  ore  also  shown  lot  comparison.  It  Is  Important  to  remember  that  these  unlactorod  20  model  tesults  are  only 
meaningful  lot  relative  (llukMo-nuld  end  temperature-to-temperature),  not  absolute.  Eft  losses.  The  rosuhs  show  that  the  tin  loss 
varies  horn  Bold  to  Bold.  However;  In  most  cases,  tho  experimental  fluids  have  Eft  losses  that  ere  about  40%  tower  than  that  ol  Fluid 
X  This  is  true  both  at  8  deg  and  at  C,_. 

Tho  effect  ol  temperature  on  the  Eti  losses  ol  tour  ol  the  experimental  fluids  at  C,_  Is  shown  In  FIguro  23.  Note  that  at  a 
tomperaturo  ot  O’C  the  Eft  loss  at  C,_  tor  Fluids  3.1, 4.1,  and  5.1  Is  negligible;  whereas,  tor  Fluid  3  it  Is  about  6%. 

The  evorage  takoott  acceleration  drag  Is  shown  lor  Flaps  5  In  Figure  24  lor  all  twelve  ol  tho  fluidi  tested  at  T  »  -20*C.  It  varies 
(rom  a  krw  cl  2C%  lo  25%  lor  tovoral  ol  tha  experimental  fluids  to  a  high  ol  over  60%  lor  Fluid  2. 

The  drag  Incroase  lor  Flaps  5  at  tho  takeoff  safety  speed  condition  lor  all  twelve  ol  the  fluids  tested  Is  shown  In  FIguro  25  ol 
T  *  -20*C.  Note  that  at  this  condition,  alt  ot  the  experimenlel  fluids  show  lower  drag  Increases  than  Fluid  3. 


Figure  22.  ID  Model  Ut  loss  Due  to  Experimental  Fluids  FIguro  IX  Eltocl  ot  Tomperaturo  on  Lilt  loss  Duo  to  Experimental 

Fluids  m  ID  Model 


A  number  ol  runs  wero  mado  with  Fluid  3  on  a  Raps  15,  cruise  leading  edge  configuration  to  Investigate  tho  ofloct  of  tho  fluid  on 
on  aircraft  not  equipped  with  leading  odgo  high-Eft  dorices,  For  thoso  runs,  tho  tunnol  flow  velocity  increased  from  12  m/s  (22  koas) 
to  46  m/s  (90  koas)  In  about  22  see,  with  rotation  at  1 8  sec  at  a  speed  ol  about  41  m/s  ($0  koas).  This  modified  procedure  was  usod  In 
o»dor  lo  bo  representative  ol  eommutor-lypo  aircraft  lakooll  speeds,  Tho  lift  loss  results  are  stiown  In  FIguro  26.  For  this  configura¬ 
tion,  tho  takooll  safety  speed  condition  (75%  ol  C,.J  corresponds  to  an  angle  ol  attack  of  2  deg.  The  Eft  loss  at  this  condition  Is  much 
larger  than  that  at  C,^,.  Tho  small  ailoot  on  maximum  lift  may  be  duo  to  tho  large  votodties  that  occur  at  tho  wing  loading  odgo 
without  the  slat.  Tho  resuiting  high  shearing  strossos  and  reduced  viscosity  ol  the  nonnewtonlan  fluids  result  In  a  wing  loading  odgo 
with  loss  fluid  residue  than  that  lor  a  configuration  with  a  deflected  slat,  and  there  Is  no  noticeable  secondary  wave. 


f  ’rjjts  24,  20  Watte;  jWecrt  Aewtersson  Orsj  fccreM*  Doe  figure  25,  20  Afodet  Oreg  Inatoso  at  Takert  Salty  sport  Out 
toFkrts  to  Fhrts 
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Flgurt  SO.  UU  Los)  Dot  to  Fart  lor  20  Modal 
With  Crust  Lotting  E dgo 


3 .4  PHYSICAL  MECHANISMS  OF  RUIO  AERODYNAMIC  EFFECTS 

Ono  ol  I  ho  objectives  ol  tho  wind  tunnel  lost  was  lo  investigate  tho  physical  meclanism*  thai  cause  iho  fluid  aerodynamic 
ctlects.  Boundary  layer  moaiuromems  woro  made  and  fluid  surface  rooghnoss  was  determined  to  help  achievo  th's  objocirvo. 

3.4.1  Elfeet  ol  Fluid  Coverage 

In  order  to  investigate  iho  rota'.ivo  Importance  of  fluid  chordwtse  location,  two  runs  were  made  in  which  no  fluid  was  applied 
forward  ol  a  specified  chord  location.  Tho  rotults.  shown  In  Figure  27,  indicaio  that  fluid  lift  loss  at  Cu»m  is  greatly  reduced  if  fluid  is 
applied  only  to  tho  aft  7OTii  of  tho  chord.  Thero  Is  very  title  additional  reduction  in  lift  loss  If  only  tho  aft  4<Mt>  Is  covered.  Tho  olfect  on 
drag  also  depends  strongly  on  whether  or  not  fluid  Is  presonl  in  the  first  30tt  chord.  Tho  critical  naturo  ol  tho  loading  edge  area  may 
bo  duo  to  tho  very  thin  boundary  layer  in  that  area  and  tho  resulting  higher  ratio  of  fluid  wavo  hotght  to  boundary  layer  thicknoss. 

Solid  roughness  ol  varying  chordwfso  eovsrago  was  also  investigated  in  this  test.  Tho  results  showed  tho  samo  important  otfoct 
of  tho  roughness  in  tho  first  3W&  of  tho  chord, 


Tho  ultraviolet  photographic  technique  used  In  Ihe  flight  lest  was  also  used  In  Iho  wind  tunnel  lo  record  fluid  depth  and  fluid 
surface  wave  height.  Photographs  were  taken  every  2  sec  of  the  Rhodamlne  6G-dyed  fluid  during  each  run.  A  calibration  plato 
having  grooves  of  various  depths  was  filled  with  fluid  and  photographed  prior  to  each  run.  After  the  tost,  a  scanning  mlcrodensl* 
tometer  was  used  to  analyze  the  photograph  negatives.  This  allowed  fluid  depth  as  a  function  ol  chordwlso  location  to  bo 
determined.  Figure  28  shows  typical  results  for  Fluid  3  on  the  2D  model  at  three  times  during  the  tunnel  acceleration. 


t 


1 


24.10 


In  order  to  bn  ade  to  eharaewiie  the  IWd  roughness  In  each  easo  by  a  singto  numbec  the  mean  height  el  pw  waves  In  the 
region  born  50H  a  SStt  them  was  determined  b#n  the  dtravtotot  photo  tecwilgue  data.  This  tocaflen  was  chosen  m  being 
representative  d  a  typed  wave  height.  As  «SKu»ed  saifier,  the  tost  3 GH  o»  the  chord  appear*  a  be  the  trail  important  region  a 
detemvning  the  fidd  dfeda.  However,  the  fted  wave  hdghta  a  ai*  region  were  very  ease  a  the  noise  level  el  ih*  measurement 
teehmove.  which  was  estimated  a  be  about  .0.1  mm.  Thus,  the  more  ah  location  was  chosen  lor  ehaiaddUiog  the  roughness. 
Thu  average  toughness  was  normafceo  by  the  chord  of  the  model  and  correlated  with  the  drag  increase  at  an  angle  ol  attack  ol  0 
degrees.  The  results,  shown  m  Figure  19.  indicate  a  de  Wta  trend  ol  increasing  drag  increment  with  increasing  odd  roughness.  The 
curve  corresponds  to  the  sobd  roughness  sun  btotton  drag  increase,  from  an  arbitrarily  chosen  base  value  corresponding  to  a  Wed 
0.0001,  tor  a  (dry  rough  surface  (Reference  6),  The  teasenady  good  fit  d  the  Add  data  by  this  curve  Is  an  todtoatton  that  buto 
aerodynamic  effects  vsuy  with  ttoid  toughness  height  In  a  manner  umaario  the  variabon  d  aerodynandc  ettoets  with  acfid  roughness 
sUe. 


figure  2&  Fluid  Otpm  PnA\ss  and 
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Fluid  depth  profiles 
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figure  29.  Correlation  Between  Drag  fncreeso  Duo  to 
Fluid  and  fWd  Roughness 


3.4.3  Boundary  Layer  Data 
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A  boundary  layer  rake  was  mount  od  on  the  2D  modd  Just  forward  d  the  trailing  edge  Haps.  The  rake  had  10  total  pressure 
probes  ranging  (tom  a  height  ol  0  51  mm  <0.02  In)  lo  40.04  mm  (1.60  In)  above  the  model  surface.  Total  pressure  profiles  weto 
measured  lor  each  ol  the  lour  basic  fluids  end  lor  iho  dry  wing,  as  shown  In  Figure  30.  The  profiles  measured  with  fluid  on  Die  wing 
do  not  extend  below  a  height  ol  5.C8  mm  (042  fn)  above  thn  modd  surface  because  fluid  dogged  the  two  probes  below  this  height. 
The  effect  of  the  fluids  on  the  profiles  is  very  dear.  This  enact  indudes  not  only  the  effect  ol  the  fluid  roughness  on  ilia  boundary 
layer,  but  also  tho  displacement  effect  d  die  fluid  Itsell.  As  diown  in  Figuro  31,  there  is  (air  correlation  between  the  £h  toss  due  to  a 
given  fluid  and  the  height  above  the  model  surface  at  which  the  total  pressure  is  WV>  ol  the  rolerenco  free  stream  value. 
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3.M  PhysbMMechwibm  Hypothesis 

Based  on  v*  Mai  toughness  dwa  and  toe  w umdwy  layer  measurements,  in?  leading  physical  mechanism  tot  p*  ix*l 
WMiwic  effects  b  bypoto«ii»<t  The  Puto  surface  roughness  tNckens  toe  Uwnowy  toyer  m  a  ww  am far  to  soSd  rough¬ 
ness,  The  Wd  to  the  &a  son  et  toe  tfwJ  b  too  most  toperfam  because  toe  boundary  toys?  to  thton?a  to  mi*  wea,  the  toeksned 
boundary  layer  (on  tfto  upper  surface  ooJyjL  pha  tne  sheet  c*  toa  ferid  W<SW3  taw,  hn<At  I n  an  ettecsjro  ««a»bs ring  cl  the 
a»k>i  This  resufts  to  t?cg<5<j  ft  si  angles  el  attack  betow  ‘twi  At  ift  Is  rodeoed  because  toe  energy  teaa  guttered  6/ 
mo  boundary  layer  (pat?  d  which  b  cue  »  toe  energy  regvtred  »  more  the  Sub  erf  d  toe  **g)  makea  s  tout  to  v'toatano 
adroree  pressure  gradient*  resustog  to  ewser  separation.  The  Increased  drag  wan  Wd  «» too  wing  to  a  rosrfl  pi  too  increased 
eitrsction  el  energy  from  toe  »*  caused  by  toe  rough  Wd  surface, 

IS  Wind  Tunnel  Test  Coneiusiefts 


The  roost  Important  eenekatoni  me?  can  be  daw?  from  toe  te suea  el  toe  wind  tunnel t«t  we  as  toast** 

t)  The  Autos  cause  a  measurable  tot  toss  and  crag  increase, 

I)  On  too  30  has  model,  toe  aft  toss  at  is  target  than  at  toe  tower  angle  d  attack  eoneston* 

3)  The  to?  toss  on  toe  30  hail  model  show*  lair  agroemem  wen  toe  (Sght  test  tesufcs, 

4j  Tho  M  tosses  d  toe  new  eiperimen^Eutoa  we  t^niSeanttytowe/toan  tost  dPuto  3  and  we  cotnpwasttwah  toad  toe 
newtonian  Wd,  FMd  I. 

Sj  The  tot  toss  la  larger  wan  a  gapped  das  toan  with  a  sealed  am. 

C)  At  temperatures  d  -29*C,  toe  tot  tosses  due  to  to*  newtonian  fluid.  Ftoto  I.  we  larger  toan  these  d  Ftod  3, 

7)  Fluid  Mi  toss  at  C^_  b  greatly  retorted  lor  a  eonEgutation  winout  a  lewSng  coje  slat. 

6)  FKAd  surface  roughness  appears  »  be  a  ley  (actor  In  determining  the  magnkudo  d  toe  Su’d  aerodynamic  effect*  In 
pwiicutat,  me  flute  roughness  to  toe  toward  30%  d  toe  chord  has  a  large  toeuence  on  toe  tot  toss  at  C,_ 

0}  a  secondary  noM  wave  Sows  an  bom  toe  leading  edge  region  tounedusety  after  rotation.  It  appears  to  be  caused  by  toe 
scrubbing  action  d  toe  Increased  shearing  stress  occurring  to  toe  leading  edge  regton  alter  rotation. 

Id)  Flute  aerodynamic  effects  appear  to  scab  with  roughness  height  In  a  manner  slmavto  that  cl  sefe)  roughness, 

4.0  CONCLUDING  REMARKS 


Although  additional  work  remains  to  be  done,  toe  Prosed  Investigation  has  sigruheanfly  Improved  our  undorstsrx&ig  d  too 
aerodynamic  effects  of  aircraft  ground  deicing  and  anfl-ictog  Bute*.  The  most  significant  flndtog  I*  uua  toe  newly  awttoped  nonnew- 
Ionian  adHetog  flutes  have  sJgNitosnPy  smater  effects  on  aerodynamic  charoaeriattos  toan  toe  previous  generations  d  nertnewto- 
dsn  antUdng  Rulds.  Four  d  these  Sdos  we  no*  commerois9y  available.  They  provide  abEnes  toe  benele  d  toe  eatended  proteoton 
times  ottered  by  nonnewtenlan  anti-king  flute*  rithout  any  larger  aerodynamic  effects  toan  would  rosuS  from  a  typical  newtonian 
deicing  fluid,  This  should  result  to  Increased  use  d  these  flutes  and  an  attendant  Increase  in  airEne  tat  cry.  This  torostigailon  has  also 
helped  our  understanding  d  the  physical  mechanism  of  toe  Bute  etteas  by  demonstrating  toe  importance  d  toe  fust  30%  d  toe 
chord,  toe  enstence  ot  toe  secondary  fluid  wave  that  replenishes  toe  6u*d  to  tost  region  at  rotation,  and  toe  important  ettees  of  dux) 
surface  roughness.  It  b  hoped  toil  this  improved  understsntfng  may  uSimatety  be  beneCdai  in  toe  development  of  oven  boner 
IWds. 
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Traditionally,  aircraft  lightning  strikes  Mve  mi  been  a  major  avlatien  safely  Issue.  However,  we 
IncreaslM  use  of  toegesite  r-aurUls  and  We  me  tf  digital  avionics  for  flight  critical  systems  will 
retire  that  we  specific  lightning  prelection  measures  be  Incorporated  in  w«  design  ef  such  aircraft 
In  order  to  maintain  we  etcellcitt  lighwtng  safety  record  presently  enjoyed  by  transport  aircraft.  In 
addition,  several  recent  llghiMM  mishaps,  mu  notably  we  Ion  o'  We  Atlas/Centaur-fl  vehicle  u  Cepe 
Ceneterel  Air  force  Sutton,  Florida  la  Karo*  1947,  Mve  shown  We  susceptibility  of  aircraft  end  launch 
vehicles  to  We  gh <&&*«&  of  Tehlete-irlgser*d  Ifghwlng.  The  purpose  of  Wls  paper  is  to  review  we 
recent  findings  of  lh<  MM  Storm  Hazards  Program  as  they  pertain  to  We  atoospherlt  conditions  conducive 
to  etrcrefi  lightning  strike*.  Tom  data  ere  wen  compared  to  rt«ni  susnaries  of  lightning  strikes  to 
operational  etrcrefi  fleets,  finally,  We  launch  cowlt  crlterle  for  triggered  lightning  being  used 
by  MSA  eM  We  V.S.  Defense  Department  are  tumarized.  We  MSA  research  data  shew  wei  we  greatest 
probability  of  e  direct  strike  in  e  thunderstorm  occurs  ei  easlent  temperature*  of  about  -40*C.  Relative 
precipitation  end  turbulence  t«v«tc  were  characterized  et  negligible  to  iight  for  these  conditions. 
However,  operational  fleet  dele  Mtc  shown  Wet  wst  etrereft  lightning  strliei  tn  routine  operations 
otter  et  temperatures  neir  the  freezing  level  In  nen-ci/nulenlaOut  clouds.  The  non-thunderstorm 
eovlromsem  hei  not  teen  We  Subject  of  dedicated  airborne  lightning  research. 


i.  ixwooucriox 

Although  cwertlel  etrereft  tipertenee  one  direct  strike  eppnxtoeiely  every  3000  flight  hours 
(once  per  yeer  per  airframe)  (I)  end  U.S.  military  etrcrefi  tiperlence  one  direct  tirlte  approalnatelu 
every  IS  000  flight  hour*  (once  per  lifetime  of  eew  airframe)  (1,2),  etrcrefi  lightning  strikes  heve  not 
been  e  major  eeletlen  safely  issue.  The  damage  utuelly  It  confined  to  bum  marks  on  we  itln  end 
trelllng  edget  (1-3J.  The  minimal  damage  evperlenced  on  many  etrereft  ten  bo  attributed  to  Wo 
wldeipreed  uie  of  elualnm  (en  etcellent  electrlcel  conductor)  for  Wo  UIm  end  prloery  ttrocture  end 
the  me  of  Mchentcel  end  hydreullc  control  micm,  which  ere  reletlvcly  Imune  from  we  edverte  effecti 
of  lightning.  However,  even  In  eerolpece  vehicle*  utUltlng  Wete  tredlclonel,  proven  detlgn  tethnlguet. 
lightning  cetettrophltt  Involelng  Ion  of  llvet  heve  occurred  (3-6).  Alto,  e  .NASA  1-33  Jet  trelner 
recently  juffered  utemlvt  fir*  denego  fro*  e  fuel  tyttw  fire  Ignited  by  en  tn-f light  lightning  ttrUo 


«enjr  ne-  vehicle  design!  Include  lh«  use  of  conpo.Ue  aeterUlj  for  prlwry  structure  end  thins  end 
we  use  of  dlgltel  tvlonlct  for  flight  end  engine  controls  end  system  nenegeaent.  Although  these  new 
technologies  prt»lse  improvements  In  vehicle  perfocsence  end  efficiency,  Weir  use  will  require  Wet  we 
specific  lightning  protection  Bctsuret  be  Ineorporeted  In  the  design  of  new  elrfreaes  end  systeos  In 
order  to  winteln  the  eicellent  lightning  sefety  record  presently  enjoyed  by  trenspori  elrtreft  (1). 

Two  lightning  nlshept  Involving  NASA  leuncn  vehicles  hive  Won  the  susceptibility  of  leunch 
vehicles  (end  etrereft)  to  We  phenomenon  of  vehicle  triggered  lightning.  On  ftaveaber  14,  lgw,  the 
Apollo  12  spece  vehicle  triggered  two  llehtnlng  fleshes  during  escent,  ceuslng  miner  denege  (0).  Kore 
recently,  the  Atles/Centeur‘63  ureunned  leunch  vehicle  uit  lost  following  e  triggered  cloud-to-ground 
rlesh  In  Kerch  1937  (9).  Ti«  letter  mlshep  led  to  e  new  jet  of  leunch  comic  crlterle  for  neturel  end 
triggered  lightning  (10)  which  ere  now  eppllceble  for  ell  NASA  end  Defense  Department  launches. 

The  risks  fret  lightning  strikes  to  aircraft  end  launch  vehicles  can  be  waged  by  using  the  acWodt 
of  vehicle  hardening  end  in-flight  avoidance  (II).  In  We  first  method,  the  vehicle  is  designed  so  as  to 
■tlnlnite  the  adverse  effects  of  the  lightning  strike  on  the  vehicle  end  its  systems.  The  techniques  of 
vehicle  hardening  ere  not  the  subject  of  wls  paper.  Information  on  such  techniques  end  the  associated 
engineering  waveform  used  for  lightning  certification  of  aerospace  vehicles  may  be  found  In  references  2 
end  11-15.  Research  date  on  the  electromagnetic  properties  of  lightning  end  etrereft  lightning  strikes 
used  to  develop  the  engineering  model  ere  given  In  references  l$-Z0, 

In  the  second  nethod,  which  Is  We  subject  of  this  paper,  the  aircraft  or  launch  vehicle  is  operated 
tn  such  t  way  as  to  evold  thunderstorms  end  other  meteorological  conditions  conducive  to  aircraft 
lightning  strikes.  Unfertuniicty,  lightning  strikes  occur  under  some  conditions  which  are  not 
predictable  or  readily  Identlflthle  using  current  Instruoentetlon  end  techniques.  These  'non- 
thunderstorm*  lightning  strike  conditions  ere  net  easily  avoided  by  aircraft;  and  for  launch  vehicles, 
Including  the  Shuttle,  conservative  launch  comlt  criteria  are  required  for  lightning  strike  avoidance 
and  prevention. 

Significant  Insights  Into  these  lightning-related  Issues  were  made  during  the  NASA  Langley  Research 
Center  Storm  Huards  Program  (11,  |6,  17,  21),  which  was  conducted  to  improve  the  state  of  the  art  of 
severe  storm  haaards  detection  and  avoidance,  as  well  as  protection  of  aircraft  against  those  hazards 
which  cannot  be  avoided  reasonably.  During  this  program,  a  speeially-lnstruoented  NASA  F-10S8  research 
airplane  was  flown  through  thunderstorms  to  elicit  In-flight  lightning  strikes  In  order  to  quantify  the 
electromagnetic  characteristics  of  In-flight  lightning  strikes  and  to  Identify  atmospheric  conditions 
most  conducive  to  such  strikes.  The  purpose  of  Wls  paper  Is  to  review  We  findings  of  the  Storm  Haz  *ds 
Program  as  they  pertain  to  We  atmospheric  conditions  conducive  to  aircraft  lightning  strikes.  These 
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<3414  are  coepared  w  recent  sswaartcs  of  lightning  nrlkei  tu  cpemtonal  aircraft  fleets.  Finally,  the 
new  jujA/Oefense  Department  launch  towlt  criteria  for  natural  and  triggered  lightning  are  sumarUed, 
This  paper  (and  ethers  In  this  session)  will  update  the  e-uerlal  presented  lo  wo  AMAO  lecture  Series  <m 
the  Interaction  of  atmospheric  electricity  4 «4  aircraft  (22,  23) . 


2.  SOUSCtS  Of  AtRCtAFf  lt«IXl«5  Sturt  MM 


2.1 


6«mle<!4l  Sources 

I  ShininYTCrTTV 


,  _  414  from  Civilian  and  ttlt.ury  aircraft  fleets  collected  during  root) no  operations 

are  available  from  several  recent  jusnarles  (I,  3,  24.27).  It*  principal  sources  4«  sumnarlted 
chronologically  In  table  I,  In  which  the  country  of  origin,  fleet  source! s),  and  iwnbor  of  samples  for 
each  reference  are  shown  along  with  selected  flight  conditions.  In  addition,  earlier  data  from  4  number 
of  sources  Kirc  been  ceopltcd  **<i  s<x*urUtd  In  previous  reports  (2,  24). 


A  further  source  of  data  It  provided  by  the  reports  of  th4  form)  mishap  beards  which  investigated 
cith  of  the  principal  lightning  accidents/lncldents  to  aircraft  »~d  launch  vehicles  (A-)).  The  principal 
lightning  Occidents  Incidents  ere  listed  chronologically  in  uhle  2,  In  which  the  typo  of  vehicle, 
operator,  geographical  location  of  the  mishap,  and  fete  of  the  vehicle  ere  surwarlaed. 


2.2  thunderstorm  Research  Proorw 

" i he« iritsra'res earth' prog ran*  which  here  collected  or  reported  elrcreft  lightning  strike  oete  (11, 
19,  29,  14-40}  ere  swnarlaed  In  table  3.  In  tihle  3,  etch  program  Is  listed  chronologically  by  mm, 
elong  wish  vhe  prlnclpel  participating  agencies,  probe  ilrcrefi,  end  number  of  strikes  evperienced.  All 
the  progress  listed  In  teble  3  were  studies  of  active  thunderstorm  since  this  type  of  meteorological 
activity  Is  the  most  prolific  generator  of  natural  lightning  ectlvlty.  ho  systematic,  long-term  research 
program  on  elrcreft  lightning  strikes  In  non-thundvrsiorra  oettorologlcel  conditions  hes  been  made  to 
date,  although  there  ere  Soviet  data  on  airborne  electric  fields  In  such  conditions  (41). 


One  of  the  first  Investigations  In  thunderstorm  research  wis  the  Thunderstorm  Project,  conducted  at 
the  end  of  world  War  It  In  florlda  and  Ohio  (29,  table  3).  Although  21  lightning  strikes  were 
evperienced  by  the  fleet  of  USAP  P-61C  “Black  Widows,"  the  data  were  United  due  to  the  Halted 
operational  celling  of  tne  P-81  and  by  the  Instruaentatlon. 


Tho  neat  major  airborne  lightning  program  was  the  multiagency  (NOAA,  OSAT.  fAA.  Sandla),  tultlyear 
Rough  Rider  Program  (10-33),  In  which  a  series  of  airplanes,  including  a  USAF  F-lOOf,  was  used  to 
penetrate  thunderstorns  In  the  U.S.  Hldwest  and  Florida.  Although  the  emphasis  of  the  program  was  In- 
sltu  documentation  of  lurbutence  characteristics  for  comparison  with  ground-based  radar  data  (13) 
considerate  lightning  strike  data  alto  were  collected  between  1964  and  1965  (30.  32). 

During  the  Thunderstorm  Research  International  Program-1976  (TRIP-76) .  a  KASA  Aaes  Research  Center 
tear  24»  airplane  instrumented  by  the  Stanford  Research  Institute  (SRI)  eaperlenced  a  tingle  lightning 
strike  which  was  analysed  eatenslvely  (34).  TRIP-76  was  conducted  In  the  vicinity  of  the  NASA  Kennedy 
Space  Center,  florlda. 


From  1970-1986,  the  RASA  Langley  Research  Center  conducted  the  Storm  liirards  Program.  Following  a 
preliminary  phase  in  1978,  In  which  a  eocncrelally-avalUble  airborne  lightning  locator  was  flown  on  the 
periphery  of  thunderstorms  In  Oklahoma  and  Virginia  In  a  (USA  WC-6  “Twin  Otter*  airplane  (3S),  * 
specially  Instrumented  and  lightning-hardened  RASA  MOM  “Delta  Dart"  airplane,  shown  In  Fig.  T.  was 
flown  through  thunderstorms.  The  thunderstorm  penr  rations  were  made  to  elldt  In-fllglit  lightning 
strikes  for  documentation  of  the  nleciromgnetlc  properties  of  these  strikes  and  the  associated 
meteorological  conditions.  The  lightning  hardening  procedures  (11)  for  the  MOM  consisted  of  removing 
paint  from  most  exterior  surfaces  of  the  airplane;  Installing  surge  protective  devices  and 
electromagnetic  shielding  of  electrical  power  and  avionic  systems;  and  using  flash-point  certified  OP-5 
(or  Oet  A)  fuel  In  Heu  of  the  more  volatile  OP-4  (Jet  B). 

The  Instrumentation  systems  on  the  F-10M  consisted  of  the  following:  Aircraft  Instrumentation 
System  (AIS)  and  Inertial  Navigation  Systex  (INS)  for  measuring  and  recording  airplane  altitude,  Kach 
number,  attitudes,  ambient  temperature  and  position  (42,  43);  dlrect-strlk*  lightning  instrumentation 
system  (16,  17)  for  recording  the  electromagnetic  waveforms  from  direct  Hghtnino  strikes  and  nearby 
flashes  using  electromagnetic  tensors  Installed  throughout  the  airplane  and  a  shielded  recording  system 
In  the  weapons  bay;  several  video,  movie  and  still  cameras  (21,  44)  for  documenting  the  lightning 
attachment  and  the  subsequent  swept-stroke  atticlunent  patterns  along  the  airplane's  exterior;  and,  a 
comerci ally-available  A-band  color  digital  weather  radar  (45,  48)  which  also  could  display  ground-based 
radar  data  uplinked  to  the  airplane  via  a  YKT  radio.  A  summary  of  these  and  the  other  airborne 
experiments  Is  given  In  reference  21. 


During  the  1979-1986  thunderstorm  seasons,  the  KASA  F- 10®  cade  1496  thunderstorm  penetrations 
during  which  714  direct  lightning  strikes  were  experienced  (see  table  *).  The  research  flights  were  made 
In  conjunction  with  ground-based  guidance  and  measurements  by  the  HOAa  Rational  Severn  Storms  laboratory 
(NSSL)  and  the  KASA  Wallops  Flight  Facility  for  flights  in  Oklahoma  and  Virginia,  respectively.  Starting 
In  1982,  the  ground-based  UHF-band  radar  at  KASA  Wallops  was  used  to  direct  the. airplane  to  electrically- 
active  regions  of  the  thunderstorms  and  to  provide  data  used  to  determine  if  the  lightning  strikes  were 
random  encounters  with  natural ly-occurring  lightning  channels  or  if  the  strikes  «ere  triggered  by  the 
airplane  Itself  (47,  48). 

The  thunderstorm  penetration  procedures  used  to  guide  the  MOM  In  Virginia  were  based  on 
observations  of  storm  structure  and  of  lightning  flash  distribution  with  the  KASA  Wallops  S-band  and 
UHF-bind  radars,  respectively  (47,  48).  In  addition  to  the  ground-based  guidance  from  KASA  Langley 
(where  the  mission  control  rooa  was  located  (45,  46))  and  NASA  Wallops,  the  pilots  used  data  fren  the 
onboard  X-band  digital  weather  radar  to  adjust  the  airplane's  heading  to  avoid  areas  where  hall  might  be 
expected  (maxima  precipitation  reflectivity  limit  of  50  dBZ).  These  thunderstorm  penetration  procedures 
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»«re  developed  using  the  HWA-SS51  guidelines  used  successfully  In  the  Roush  Rider  Program  end  with  the 
f-ioa  in  i9so  end  Ini. 


Curing  1994  end  1935,  the  FM  end  U.S.  Air  Force  conducted  the  kew-AUttude  lightning  Strike 
Characterization  program  (19,  If)  In  which  en  FAA  Convalr  590  airplane  wei  uted  ta  ohuln  direct 
lightning  strikes  et  altitudes  he  low  SUt  (10  000  Ft)  while  beneath  thunderstorm  cloud  Octet  end  during 
thuftd'mtom  penetrations  up  to  i  saxlivn  precipitation  reflectivity  ll«lt  of  35  d8Z.  the  onboard 
Instrumentation,  provided  by  the  FM,  0.1.  Air  Forte,  Office  of  Ravel  Retearch,  and  France's  0*C*A,  wat 
similar  to  that  Intlalltd  on  the  MSA  F-I05J  Stem  Haxzrds  retearch  airplane  but  with  a  stronger  emphasis 
on  the  measurement  of  static  electric  fields.  The  CF-530  airplane  oipertcnced  $2  direct  ttrikes  during 
the  two  year  campaign  In  Florida- (table  3). 

There  have  been  three  french  eovernoent  In-flight  lightning  strike  progress  utilising  a  c.lfo 
'Iranian*  airplane  ((ZO),  table  3),  Th«  french  programs  have  emphasized  the  quantification  of  the 
electromagnetic  properties  of  the  aircraft  lightning  strikes,  Including  the  static  electrU  fields,  and 
the  associated  cloud  slcrophyslcs.  The  operational  procedures  were  very  slatlar  to  those  used  by  the  FM 
CY-S9Q.  in  the  197.8  canpalgn,.the  C.1W  collected  data  fro*  11  strikes  (37) .  The  strike  data  front  the 
landes  '84  and  Transall  '69  Progress  are  still  being  analysed. 

Finally,  the  armored  T-28  nail  research  airplane  (38,  39)  operated  by  the  South  Dakota  School  of 
Hines  and  Technology  (505*41),  and  the  Special  Purpoie  Test  Vehicle  far  Atmospheric  Research  (SPTVAft  -  a 
codified  Schwelxer  845A)  (40)  operattd  by  the  Sew  Kexleo  institute  of  ntnlng  end  Technology  (ifiilHT)  have 
been  utlllted  in  a  mother  of  atmospheric  sciences  program,  with  each  airplane  experiencing  occasional 
lightning  strikes  (table  3). 


3.  CCR01TI0KS  COhDUCIVf  TO  AISJRAFT  UCHTMW  STRUTS 
3.1  Flectrleil  Activity  and  Triggered  Lightning 

“The  il{hlnjng'rrcteircA'"ccniuniiy  is  especially  Interested  In  the  mannur  In  which  lightning  strikes 
occur  to  aircraft.  One  theory  states  that  Aircraft  lightning  strikes  are  the  result  of  the  aircraft 
simply  bulng  In  the  'wrong  place  at  the  right  time.’  and  being  approached  b)>  a  naturally-occurring 
lightning  leader  (2).  If  such  a  leader  approaches  within  approximately  50 at  (150  ft)  of  the  aircraft,  it 
Is  likely  that  the  electric  field  presented  to  the  aircraft  will  be  of  sufficient  Intensity  to  lonixe  air 
about  the  af'eraft's  extremities  and  Induce  a  junction  leader  to  propagate  Iron  the  aircraft  and  Join 
with  the  approaching  lightning  loader.  The  second  theory  states  that  the  aircraft  itself  triggers  the 
lightning  flash  (31). 

Khcn  an  aircraft  files  through  an  electric  field,  the  aircraft  diverts  and  congresses  adjacent 
equlpotential  lines  at  the  aircraft  flics  between  tw«  ehrrge  centers.  The  highest  electric  fields  about 
the  aircraft  will  occur  around  extremities,  where  the  equlpotential  lines  are  compressed  closest 
together.  Typically,  these  are  the  extremities  of  the  nose.  wing,  and  empennage,  so at  engine  nacelles, 
and  also  smaller  protrusions,  such  as  antennas  or  pitot  probes.  If  an  aircraft  Intercepts  a  naturally- 
occurring  strike,  the  oncoming  lightning  leader  will  Intensify  the  electric  field  and  Induce  streamers 
fron  the  aircraft  extremities,  One  of  these  streaeers  will  meet  the  nearest  branch  of  the  advancing 
lightning  loader  and  fona  a  continuous  spark  fro*  the  eToud  charge  center  to  the  aircraft.  Aircraft  have 
very  low  capacitance,  which  means  that  coeparatlvely  Utile  charge  can  accumulate  on  an  aircraft. 
Therefore,  like  aircraft  merely  becomes  an  extension  of  the  path  being  taken  by  the  leader  on  its  way  to 
an  ultimate  destination  at  a  reservoir  of  opposite  polarity  charge,  which  wy  be  elsewhere  in  the  cloud 
(an  tntraclgud  strike)  or  on  the  ground  (a  cloud-to-groum)  Strike).  Sireaaers  nay  propagate  onward  from 
one  or  more  extremities  of  the  aircraft  at  the  sane  time,  with  the  branches  continuing  from  the  aircraft 
Independently  of  each  other  until  one  or  acre  of  them  reach  their  destination.  Thus,  the  aircraft, 
becomes  part  of  the  conducting  path  between  charge  centers.  Heretofore,  It  g  nerally  had  been  believed 
that  large  aircraft  (or  launch  vehicle?)  could  cause  a  sufficient  perturbation  In  the  ambient  electric 
field  to  Initiate  a  lightning  leader,  but  that  such  a  leader  would  nevertheless  originate  froa  a  nearby 
charge  center  and  not  fro*  the  jlrcraft.  Such  strikes  were  evident  during  natural  icing  tests  of  such 
wide-body  aircraft  as  the  Boeing  74?  and  the  HcOonnell-Oouglas  DC-iO. 

The  research  conducted  In  the  RASA  Stow  Hazards  Program  has  provided  the  first  Instrumental  proof, 
using  onboard  cravra  systems  and  the  ground-based  UHF-band  radar,  of  aircraft-triggered  IlglCnipg  flushes 
originating  at  the  aircraft  (47,  48).  ApprwlmaMly  90  percent  of  the  airplane  strikes  observed  by  the 
UHr-bani  radar  at  altitudes  above  6  fas  (20  000  ft)  were  triggered  by  the  F-1065  airplane  (4J).  The 
UiiF-band  radar  data  also  Indicated  that  Intercepted  lightning  strikes  can  occur,  with  most  intercepted 
strikes  In  thunderstorms  occurring  at  altitudes  below  6  k*..(20  000  ft)  (48).  Analyses  of  simultaneous 
onboard  and  ground-based  lightning  electromagnetic  data  have  shown  that  a  high  percentage  of  the  strikes 
experienced  by..the  FAAZUSAF  Convalr. i?0.also.w*rt  triggered  by  that  airplane  (19,  35).-  These  findings 
confirmed  thu  triggered  lightning  hypothesis  developed. during  the  Rough  Rider  Program  (31,  32). 

During  the  IWSR  Sidra  Hazards  Prograa,  the  UHF-band  radar  doth  also  ware  used  to  determine  a 
Probability  of  Direct  Strike  (PD5),  defined  /.  the  ratio  cf  the  number  of  direct' strikes  to  the  F- 1060 
and  the  total  tsusbsr  of  flashes  occurring  In  the  radar  resolution  volume  containing  the  airplane  (47, 

48).  for  all  altitudes  In  thunderstorms,  li.wxs  found  .that  there  was  an  inverse  relationship  between  F3S 
and  flash  rate,  with  the  higher  PDS*  values  occurring  In  regions  of  the  storms  with  a  flash  rate  of  0  to 
10  flashes/aln  rathsr  than  in  storm  regions  with  flash  rates  greater  than  10  flnshes/mln.  This  result 
Implies  that  the  greatest  threat  of  triggered  lightning  may  be  located  in  storm  regions  with  low  natural 
lightning  flash  rates.  Therefore,  flight  into, an  area  wlfn  few  Indicated  lightning  discharges  does  not 
Insure  that  the  aircraft  Is  In  a. region  with  low  risk  of  triggered  lightning. 

The  first  fir*  Indication  that  triggered  lightning- could  be  created  by  operational  launch  vehicles 
occurred  with  the  Apollo  12  mission,  (see  table  2  and  (8)).  On  November  14,  1969,  the  Apollo  12  space 
vehicle  t*as  launched  through  clouds  associated  with  a  cold  front.  The  vehicle  experienced  a  doud-to- 
ground  strike  at  about  36.5  sec  Iqto  the  mission  followed  by  an  Interclouf  strike  at  52. sec.  As  a 
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result,  wny  twor try  effect  were  noted  along  with  lot*  of  nine  non-essential  Instrvmentatlen 
sensors,  Pou-nljhip  analyse*  showed  that  t Ighinjrvg  could  to  triggered  by  th«  presence  ef  the  loop 
electric*!  length  creittd  by  the  spice  reticle  and  Us  exhaust  p|ue«  In  *n  airborne  electric  field  which 
would  not  otherwise  hire  produced  n*tur*l  lightning.  The  possibility  th*t  the  Apollo  vehicle  nt$ht 
trigger  lightning  hid  not  teen  contldered  previously.  Before  the  Apollo  1?  flight,  the  only 
consideration  of  the  effect*  of  lightning  on  the  spice  vehicle  was  for  the  period  prior  to  flight. 

On  Kirch  27,  1987,  *  triggered  cleud-to-ground  lightning  flith  ciuted  the  loti  of  the 
Allat/Ceniiur-67  fA/C*67)  u«unrcd  imnch  vehicle  (tee  Utle  2  md  (91).  The  A/C-67  vehicle  wis  launched 
under  weather  condition!  of  heavy  orercatt  and  rain.  The  ctoudi  originated  In  a  squall  line  centered 
over  the  Coif  of  Mexico  which  wat  wring  eattwird  over  the  Florida  panhandle.  At  approilnately  *9  tec 
Into  the  alttlon,  the  A/C-67  vehicle  triggered  *  cloud-to-ground  Oath  with  a  alnlwa  of  a  return 
strokes.  The  ortcary  caute  of  the  accident  wat  an  unplanned  engine  global  hardover  wound  Ittued  by  the 
Centaur  Olgltal  Cooputer  Unit  (0C0),  which  retulted  In  eul-of-llalt  dynaalc  loads  and  vehicle  break  up. 

The  wit  credible  oechanlta  for  cautlng  the  bootter  engine  hardover  ecmind  wat  the  OCU  reacting  w  an 
eaternally-lnduced  electrical  irantleni  cauted  by  the  triggered  lightning  strike  on  the  flight  vehicle. 

The  triggered  lightning  analytet  performed  for  the  NASA  Stora  Hizirdt  Prcgraa  (49)  were  relied  on 
extensively  In  developing  the  triggered  lightning  analytet  for  me  A/C-67  olthap  (SO). 

The  current  KASA  theory  on  alreraft-trlggered  lightning  strikes  (49,  50)  ttatet  that  a  shiro-edged 
netal  object  on  an  aircraft  will  concentrate  the  local  electric  field  sufficiently  to  trigger  a  local 
breakdown  In  the  pretence  of  an  anblent  electric  field  of  proper  Magnitude  and  orientation,  with  the 
streamers  propagating  fron  the  aircraft  outward  to  charge  centert.  The  magnitude  of  the  electric  field 
In  tow  triggering  catet  can  be  <xch  lest  than  that  experienced  In  thunderttorat.  Thunderstorm  wdelt 

®  Indicate  that  triggering  mould  be  far  aore  prevalent  at  higher  altUudci  and  colder  teoperatures 
re  field  ttrengtht  arc  higher),  at  hat  been  teen  during  the  F-1008  airplane  fllghtt.  A  cooparlson  of 
the  KASA  data  with  that  from  ccmerclal/aUltary  aircraft  operatlont  (1-3,  2<,  27)  Indicates  that  tow 
lightning  ttrlket  to  thete  aircraft  In  ’nonttoray*  condition!  near  the  freeatng  level  alto  nay  be 
triggered  lightning  ttrlket.  A  comon  altconceptlon  It  that  bright  flashes  which  are  preceded  or 
accompanied  by  St.  tlao's  fire  are  'italic  dlteharget.*  At  explained  In  refercncei  2  and  11,  a  "static 
discharge*  that  produces  a  bright  flash  and/or  an  audible  report  It  actually  a  lightning  strike. 

When  an  aircraft  filet  through  dry  precipitation  In  the  fora  of  sleet,  hall,  or  mow,  the  Inpact  of 
these  particles  on  the  aircraft  will  cause  a  charge  to  separate  from  the  particle  and  Join  the  aircraft, 
leaving  the  aircraft  with  a  preponderance  of  positive  or  negative  charge  (depending  on  the  fora  of 
precipitation),  thereby  changing  the  potential  of  the  aircraft  with  respect  to  Its  surroundings.  This 
phenomenon  It  know  at  trlboelectrlc  charging.  It  It  comonly  referred  to  a  precipitation  static,  or 
P-tttllc  (SI,  52).  The  P-iiatle  charging  process  It  a  different  phenooenon  free  that  of  vehicle- 
triggered  lightning,  although  they  often  occur  In  llnllar  meteorological  conditions.  Recent  reviews  of 
natural  and  artificially-initiated  lightning  and  electrification  of  thunderttorat  are  given  In 
references  10  and  S3,  respectively. 

As  explained  above,  the  aablent  static  electric  field  plays  a  key  role  In  the  two  phenomena  of 
vehicle  triggered  lightning  and  precipitation  static.  The  strength  of  electric  fields  traditionally  Is 
oeasured  by  sensors  called  'field  Bills.*  Typical  thunderstorm  research  aircraft  are  equipped  with 
several  field  allls,  located  on  the  exterior  of  the  airplane  near  crossing  points  of  the  lines  of  the 
airplane's  electrical  tyoactry  In  order  to  Bake  decoupled  eeasurcoents  of  the  three  orthogonal  components 
of  the  electric  field  and  aircraft  charge  (19,  20,  29.  31,  32,  34,  36.  40.  41.  54).  Usually,  the  field 
sill  tensors  are  flush-aounted  with  the  skin  of  the  airplane,  but  have  been  aounted  exterior  to  the 
airplane  skin  (40).  Proper  location  and  calibration  of  the  field  Bills  are  critical  for  accurate 
aeasureatnts  (55).  A  network  of  ground-based  field  Bills  Is  used  at  the  KASA  Kennedy  Space  Center  and 
Cape  Canaveral  Air  Force  Station,  Florida,  In  support  of  launch  operations  (9).  Although  the  technology 
and  data  do  not  now  exist  For  use  of  airborne  field  Bills  on  operational  aircraft  for  lightning 
avoidance,  airborne  field  Bills  will  be  crucial  for  future  research  In  vehicle  triggered  lightning. 

The  recent  research  data  in  aircraft-triggered  lightning  explain  the  lack  of  correlation  between 
alrcrart  lightning  strikes  and  other  lightning  activity  or  precipitation  static  (see  table  1).  For 
exaap'e.  only  40  percent  of  reported  strikes  to  U.S.  coraerclal  aircraft  are  associated  with  other 
lightning  activity  (1),  and  only  7  percent  of  the  British  atlltary  incidents  report  other  lightning 
(24).  Finally,  only  a  'very  snail  percentage*  of  U.S.  Air  Force  reports  mention  other  associated 
lightning  (3). 

In  the  case  of  precipitation  ststle,  roughly  50  percent  of  the  strikes  to  U.S.  cooverelal  aircraft 
report  this  phenooenon  (1);  the  corresponding  value  froo  the  British  data  Is  19  percent  (24).  There  were 
i.o  reported  Instances  of  precipitation  static  during  the  flights  o‘  the  KASA  F-1068  airplane  (11),  but 
there  were  frequent  Instances  during  the  operations  of  the  FAA/USA!  Convatr  530  airplane  (19,  36).  The 
differences  In  experiences  of  these  two  research  airplanes  nay  be  attributed  to  the  differences  In  the 
designs  of  the  vehicles  and  In  the  Installation  details  of  the  avionics  systems  In  each  airplane,  and  to 
the  differences  In  flight  conditions  (51,  52). 

3.2  Altitude  and  Aablent  Teoperature 

A  plot  of  lightning  strike  incidents  as  a  function  of  altitude  for  coenerelal  aircraft  In  routine 
operations  Is  shown  In  Fig.  2  (froo  (2)  with  updated  data  froo  (lj).  The  corresponding  strike  Incident 
data  as  a  function  of  aablent  temperature  (1)  are  shown  In  Fig.  3.  The  flight  conditions  associated  with 
the  lightning  strikes  reported  In  (1,  3,  24-27)  are  sunraarlzed  In  table  1.  (The  Israeli  Air  Force  data 
(25)  do  not  contain  Information  on  octeorologlcal  conditions.)  Cosparing  the  data  In  Fig.  3  and  table  1, 
it  can  be  seen  that  the  oajurlty  of  lightning  strikes  to  operational  military  and  civilian  aircraft 
fleets,  regardless  of  geographical  location,  have  occurred  within  ♦lO'C  of  the  freezing  level  (0°C) . 
However,  there  are  significant  differences  In  the  altitude  data  froo  the  different  fleets  and  locations 
(Fig.  Z  and  table  l),  with  the  cooserclal  data  froo  the  3  Japanese  airlines  showing  a  peak  strike 
altitude  of  0.5-2.0  fca  (1640-6562  ft)  (27),  which  Is  much  lower  than  that  for  the  other  data  sets.  It 
has  been  shown  (1,  3,  24,  26)  that  the  altitude  data  are  operationally  biased  to  the  peculiarities  of 


each  operator.  In  oMftien,  awoipnerle  electricity  tiudlet  (IS,  a,  54)  have  iho*otnai  lightning  an* 
4lectrlc  charge  fereatlen  ire  i  (untile*  e(  mslent  temperature,  net  attitude.  Therefore,  altitude  data 
cannot  be  vita  to  dottrelne  the  opt  am  height  at  which  to  mactmfze  or  minimi,:*  the  probability  of 
eiperlenclng  i  tt9htn)o|  ttrlke.  The  particularly  low  altitude  (or  peak  aircraft  lightning  ttflket  in 
Jipan  It  eluted  by  the  lew  height!  o(  the  winter  thundercloud!  In  Japan,  with  the  boioht  of 
the  O’C  (tothern  occurring  u  much  lower  attitudes  thin  In  norm  In  other  pirtt  of  vse  world  IK). 

The  nmser  o(  missions,  thundcrttoro  penetration!,  direct  strikes  to  we  »lrcr*(t  md  neirby  (Uwet 
(lightning  thwnelt  elote  enough  to  the  ilrplme  to  trigger  the  onboard  lightning  instrumentation  wlwout 
actually  ittichlng  to  the  ilrplme)  (or  the  msa  Store  Kimrdt  1930-1936  teitont  ire  timirlied  by  year 
In  Uble  4.  The  dill  thsw  thit  W@  184  thunderiiore  reteirch  ntitlont  retailed  In  714  direct  lightning 
ttrlket  md  183  neirby  (lithet  during  1496  penetritlont. 

Hlttegriw  thowlng  the  mxsber  md  duritlont  o(  penetritlont,  md  the  nuaber  o(  ttrlket  end  neirby 
(lithet  experienced  from  1980-1936  ire  thorn  (or  iltttude  Interval!  o(  610  a  (2000  (t)  In  fig.  4,  end  (or 
anbler.t  temperature  Interval!  o(  5*C  In  Fig.  5.  Penetritlont  were  made  by  the  F-10S3  it  pretture 
iltliudet  rmging  from  0.7  ka  to  12  ka  (2400  (t  to  40  000  (t)  with  1  mean  penetration  altitude  o(  7  ka 
(22  900  (t)  (Fig.  4).  Temperature  dm  (mean  value  during  the  penetration)  were  available  (or  11(8 
penetritlont,  with  viluei  ringing  (rtw  20*C  to  -60*C,  with  in  overall  wen  vilue  n(  >19*0  (Fig.  5j,  Tne 
dlttrlbuUont  o(  penetration  duritlon  tine  with  iltltude  md  asblent  temperature  ire  very  tlatlar  to  the 
corretpondlng  penetritlon  dlttrlbutlent. 

Sited  on  dm  such  it  Wit  shewn  in  Flgt.  2  md  3,  oott  thunderstorm  penetritlont  o(  the  F-1068  in 
the  1930  end  1931  teitont  were  made  it  iltltudet  corretpondlng  to  ambient  temperatures  between  *  10°C  In 
expectation  of  receiving  1  Urge  nuaoer  of  ttrlket.  However,  very  few  ttrlket  were  experienced  (tee 
table  4).  Stirling  In  1932,  the  MSA  lollops  UHF-bind  ridir  wit  tiled  to  guide  the  F-1068  through  the 
upper  electrlcilly-icilve  rcglont  of  thunderttorm  (47,  66),  retultlng  In  hundredt  of  high  iltltude 
direct  lightning  ttrlket  (uble  4  md  (47)).  Stirling  In  the  1934  tenon,  the  UHF-bind  radar  wi>  uted  to 
provide  guldence  to  electricilly-acilve  rcglont  In  thunderttorat  it  iltltudet  below  6  ka  (20  000  ft) 

’4$),  the  tame  rmge  of  iltltudet  ttudled  prevloutly  In  1930  md  1931.  The  low  iltltude  reteirch  effort! 
if  1980-81  md  1984-86  ire  thorn  in  the  low  altltude/ware  temperature  peikt  In  the  penetritlon  ind 
duritlon  diti  In  Flgt.  4  ind  5. 

The  MSA  Store  Hazards  Program  strike  itilltllct  shown  In  Flgt.  I  md  6  differ  significantly  from 
the  published  ttrlke  diu  for  commercial  ind  military  ilrenft  fleets  (Flgt.  2  and  3  md  table  1).  In 
which  nost  lightning  ttrlket  were  found  to  occur  between  ambient  temperatures  of  il0<C.  In  the  NASA 
Store  lliiardt  Program.  direct  ttrlket  were  experienced  it  pretture  iltliudet  rmging  from  1.3  ka  to  12  ka 
(14  000  ft  to  40  000  ft)  with  a  win  Vilue  of  9  la  (29  COO  ft)  (Fig.  4).  The  corretpondlng  ambient 
teoperiture  viluet  ringed  fro*  540  to  -66*0,  with  a  mean  vilue  of  -30*C  (Fig.  5).  The  neirby  filth  dau 
ire  very  tlnllir  to  the  direct  ttrlke  data. 

Despite  spending  approximately  1669  min  of  penetration  duration  time  it  altitudes  below  6  ka 
(20  000  ft)  (37  percent),  only  98  direct  ttrlket  were  experienced  (14  percent)  (tee  uble  4).  In  fact, 
the  pe*k  ttrlke  ntei  In  Fig.  4  of  7  itrlkei/pcnetrition  md  1.4  itrikes/oln  occurred  it  pretture 
iltltudet  between  11.6  ka  md  12  ka  ('38  000  ft  md  40  000  ft)  corretpondlng  to  mblent  temperatures 
colder  thin  -40RC.  (hiring  one  reteirch  flight  through  1  ihunderstora  invlf  at  11.6  ka  (38  000  ft) 
altitude  In  1984,  the  F-10E8  eipcrlenced  72  direct  ttrlket  In  45  Bin  of  penetration  tine,  with  the 
Inttmtmeout  ttrlke  rite  twice  reaching  a  value  of  9  ttrlkes/ain.  On  the  other  hand,  the  peak  ttrlke 
rite  near  the  freezing  level  (Oh:)  wit  only  0.1  strike/min  (in  the  altitude  Interval  between  5.5  cm  md  6 
ka  (18  000  ft  and  20  000  ft),  corretpondlng  to  aabtent  temperatures  of  -5<t  to  -10°C). 

The  MSA  Store  Hazards  pretture  md  twperiture  lightning  ttrlke  ttitlttlct  differ  from  the 
coreerctal  and  elllury  data  for  two  reatons.  First ,  the  MSA  data  caw  solely  from  intentional 
thunderstoi*  penetrations,  while  the  commercial  and  ailltary  data  were  derived  from  a  variety  of 
meteorological  conditions,  oostly  In  ‘nonstorey*  clouds.  For  example,  swe  of  the  commercial  airline 
strikes  were  reported  In  snow  stores  or  In  winter  time  nlnhostratut  clouds  (1).  U.S.  Air  Force  aircraft 
have  reported  lightning  strikes  in  cirrus  clouds  downwind  of  previous  thunderstorm  activity,  in  cuaulut 
clouds  around  the  periphery  of  thunderttorat,  md  even  In  stratiform  cloud,  md  light  rain  showers  not 
associated  with  thunderstorm  (67),  In  addition,  the  majority  of  lightning  strikes  to  RAF  aircraft  have 
occurred  in  conditions  which  Include  cuaulut  or  stratus  type  cloud  (sometimes  stratus  with  embedded 
cuaulut)  but  no  cumulonimbus  observed  either  visually  or  on  ridir  (24) .  (The  MSA  Store  Ibzards  Program 
did  not  study  the  non-thunderstore  lightning  strike  phenomenon.)  Second,  commercial  and  elllury 
aircraft  will  noreally  deviate  froa  course  to  avoid  thunderttorat  which  roach  cruise  altitudes,  md  only 
penetrate  when  required  to  do  to  In  the  terminal  area,  where  typical  assigned  altitudes  are  near  the 
(reeling  level.  Therefore,  the  MSA  distributions  of  lightning  strikes  with  respect  to  pressure  altitude 
and  ambient  teoperiture  differ  fr«  the  coenereUl/mlllUry  dm  because  of  the  higher  percentage  of  time 
spent  by  the  MSA  F-1060  research  airplane  In  the  upper  filth  density  center  cf  thunderstorms,  compared 
with  the  low  percentage  of  time  spent  In  thunderstorm  at  those  altitudes  by  aircraft  In  routine 
operations.  However,  lightning  strikes  have  been  encountered  at  nearly  all  temperatures  and  altitudes  in 
tt-.  -tore  Hazards  Program,  Indicating  that  there  Is  no  altitude  or  ambient  temperature  at  which  aircraft 
are  lenune  from  the  possibility  of  a  lightning  strike  In  a  thunderstorm. 

Although  these  Store  Hazards  data  differ  from  the  cocrserclal/mllltary  date,  there  Is  strong 
agreement  with  the  results  of  the  other  thunderstorm  flight  test  programs  (table  3).  The  high  altitude 
strike  data  are  In  good  agreement  with  the  results  of  the  U.S.  Air  Force  Rough  Rider  Program  (32),  in 
which  the  peak  lightning  activity  was  found  to  occur  at  an  ambient  temperature  of  -40*0.  In  addition, 
the  Lear  243  airplane  used  in  the  TRIP-76  program  experienced  its  lone  lightning  strike  at  an  altitude  of 
11.2  km  (37  000  ft)  (34). 

The  low  altitude  strike  data  from  the  MSA  orograa  are  very  similar  to  the  data  from  the  USAF/FAA 
Convalr  580  low  altitude  lightning  measurement  piograa  (36),  in  which  31  percent  of  the  52  strikes 
experienced  by  that  airplane  In  1984  and  1985  occurred  at  an  altitude  of  5.5  ko  (18  000  ft) 
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(corresponding  to.  ambient  teoperitures  of  -5%  to  -10*0  although  only  IS  percent  of  tfc«  flying  iloo  was 
ijtnt  4R  that  altitude,  The  data  fro*  the  Convalr  680,  armored  T-28  (39).  and  SPIYAS  MO)  research 
eirplann,  and  the  results  of  the  Thumjerjiorn  Frog ran  (2$)  and  of  the  C.16Q  fllghti  in  Trance  In  1978 
(37)  shew  that  virtually  all  lightning  strikes  xcurred  within  •lO'C  of  the  freezing  level.  Hewer, 
these  data  ar*  biased  ex  to  tN  lex  tervlce  celling  of  these  aircraft  or  t>y  the  Interest  of  the 
eapcrisenurs  In-nignts  in  the  vicinity  of.  the  freezing  level. 

3,1  Turbulence- Pruclc.:» alien 

'“Tna“e^iV  iu«Vji!u I  fjVe'STTrTj  tech.-:  I  eve  used  daring  the  NASA  Stora  Hazards  Program  In  searching  for 
lightning  was  eg  fly  thrsegVlls  thur.derstona  coll*  which  were  the  bett  defined  visually  and  on  the 
Airborne  weather  radar.  FreeuenUy.  heavy  turbulence  and  precipitation  were  encountered  during  thete 
penetrations.  However,  the  HgMnlng.atrUes  rarely  occurred  in  the  heaviest  turbulence  and 
precipitation,  and  occasionally,  there  was  no  lightning  activity  whatsoever.  Thete  findings  are  shown  In 
Fig.  6,  In  which  the  percentage  of  direct  strikes  to  the  F-IO&  Is  plotted  at  a  function  of  the  flight 
crow1}  opinion  of  relative  turbulence  and  precipitation  Intensity  at  the  tls«  of  the  strikes.  Ihe  data 
are  plotted  for  thane  strike*,  which  occurred  ahovn  and  below  6  km  (JO  000  ft)  altitude.  In  both  altitude 
regimes*  Wist  lightning  strikes  (approelmittly  CO  percent)  occurred  In  thunderstona  regions  In  which  the 
crews  characterized  the  turbulence  and  precipitations*  negligible  to  light.  In  addition,  although  a 
strong  correlation  between  lightning  strikes  end  vertical  drafts  (predominantly  downdrafts)  was  found  for 
a  snail  data  set  In  1981  and  1932.  noil  strong  turbulence  episodes  encountered  by  the  airplane  were  not 
asscclated  with  lightning  (S3,  5?). 

Althnvgh  the  Doppler  radar  data  recorded  In  1001  and  1182  using  the  NASA  Wallops  S-band  radar  (S3) 
showed  heavy  turbulence  within  the  high  precipitation  reflectivity  cores  of  thunderstorms,  heavy 
turbulence  also  was  found  between  cells,  near  storm  boundaries,  and  In  Innocuous-appearing  low 
reflectivity  factor  regions.  Similar  results  were  found  during  the  multi-year  Rough  Rider  Program 
turbulence  ltudles  (33).  Therefore,  it  was  concluded  that  turbulence  and  precipitation  are  not 
necessarily  correlated. 

Unlike  the  temperature  and  altitude  data  discussed  In  Section  3.2  above,  there  are  no  appreciable 
discrepancies  between  the  precipitation  and  turbulence  data  gathered  In  the  NASA  prograa  and  the  data 
gathered  during  cooaerdal  (1,  2,  2?)  and  military  operations  (3,  21).  For  the  turbulence  data,  this  can 
be  seen  by  comparing  the  data  In  Fig.  6  with  that  in  Fig.  7,  In  which  the  percentage  of  direct  strikes  to 
U.S.  (1)  and  Japanese  (27)  commercial  aircraft  are  plotted  as  a  function  of  relative  turbulence 
Intensity.  Although  approximately  83  percent  of  U.S.  and  Japanese  coemercla)  strikes  reported 
turbulence,  80  percent  of  these  strikes  were  associated  with  negligible  to  light  turbulence  (Fig.  7  and 
table  1).  Only  20  percent  of  U.S.  Air  Forte  strikes  were  associated  with  turbulence  (table  3,  (3)). 
Finally,  for  the  USAF/FAA  Convatr  S80  research  flights.  8S  percent  of  the  strikes  occurred  In  light  to 
negligible  turbulence  (36). 

Although  virtually  all  reported  lightning  strikes  have  occurred  In,  or  in  the  vicinity  of  clouds  and 
In  rain  (table  1),  very  Few  strikes  have  occurred  In  heavy  precipitation  or  hall.  For  example, 

81  percent  of  all  U.S.  commercial  strikes  xcurred  in  rain,  but  only  2  percent  of  the  strikes  were 
associated  with  rain  and  hall  (1).  For  U.S.  Air  Force  aircraft  (3),  67  percent  of  the  strikes  xcurred 
In  rain,  S  percent  xcurred  In  hall  or  snow,  and  10  percent  xcurred  In  fcelcar  air.*  All  the  strikes  to 
the  FAA/USAF  Convalr  580  research  airplane  xcurred  In  precipitation  no  core  severe  than  rain  with  five 
strikes  xcurrlng  with  the  airplane  outside  the  clouds  being  studied  (36).  Finally,  the  strikes  to  the 
T-28  (39),  SPTYAR  (10)  and  Lear  218  (31)  research  airplanes  xcurred  In  the  less  severe  portions  of  the 
storm  cells  under  study,  with  the  strike  to  the  Lear  218  xcurrlng  when  the  airplane  was  flying  between 
two  cells.  In  summary,  the  thunderstorm  research  data  and  cccnercUl/ntlltary  operational  data  have 
shown  that  the  number  of  direct  strikes  to  aircraft  do  not  show  a  positive  correlation  to  turbulence  and 
precipitation  Intensities. 


4.  LAUNCH  COHHIT  CRITERIA  FOR  NATURAL  AND  TRIGGERED  LIGHTNING 

Following  the  Atlas/Centaur-67  lightning  alshap,  NASA  and  the  U.S.  Air  Force  Space  Division 
developed  revised  launch  comalt  criteria  for  the  avoidance  of  natural  and  triggered  lightning.  Horc 
recently,  the  NASA  and  U.S.  Air  Force  have  developed  a  eomaon  set  of  criteria  for  use  during  all  NASA  and 
U.S.  Air  Force  launches,  Including  those  of  the  National  Space  Transportation  System  (Space  Shuttle) 

(10).  The  constraints  are  based  on  the  known  cloud  types  which  can  product  lightning  discharges  and  the 
distances  to  charge  regions  at  which  discharges  are  known  to  xcur.  There  are  similar  criteria  for  the 
Space  Shuttle  Orblter  landing  sites  (60),  These  criteria  were  developed  from  data  obtained  from  the 
broad  spectrum  of  atmospheric  electricity  and  lightning  strike  programs  which  have  been  conducted, 
including  those  referenced  In  this  paper. 

The  revised  launch  commit  criteria  are  (10): 

The  Launch  Weather  Officer  rust  have  dear  and  convincing  evidence  that  the  following  constraints 
are  not  violated: 

1.  Do  not  launch  If  any  type  of  lightning  is  detected  within  10  n.ml.  of  the  launch  site  or  planned 
flight  path  within  30  minutes  prior  to  launch,  unless  the  meteorological  condition  that  produced  the 
lightning  has  moved  more  than  10  n.ni.  away  froa  the  launch  site  or  planned  flight  path. 

(DEFINITION:  The  "planned  flight  path*  Is  the  trajectory  of  the  flight  vehicle  from  the  launch 
pad  through  Its  flight  profile  until  It  reaches  an  altitude  of  30.5  km  (100  000  ft).  The 
flight  path  may  vary  plus  or  minus  0.5  n.ml.  horizontally  uy  to  an  altitude  uf  7.6  km  (25  000 
ft).) 

2.  Do  not  launch  If  the  planned  flight  path  will  carry  the  vehicle  (see  Figs.  8  and  9): 

a.  Through  cumulus  clouds  with  tops  higher  than  the  -»5°C  level;  or, 

b.  Through  or  within  5  n.ml.  of  cumulus  clouds  with  tops  higher  than  the  -10°C  level;  or, 


c.  Through  0.*  within  10  n.ai.  of  cumulus  clouds  with  topi  higher  than  the  -20*C  level;  or, 

d.  Through  or  within  10  n.nt.  of  the  nearest  edge  of  an/  euaulontnbus  or  thunderstorm  cloud 
Including  its  associated  an*)!.  (See  Fig.  10  for  vertical  separation  of  the  flight  path  fraa  these 
cloud  types.) 

(DEFINITION:  A  'cumulonimbus  cloud*  is  any  convective  cloud  which  exceeds 
the  -;tO*C  temperature  level.) 

(DEFINITION:  An  "anvil*  is  a  itratlfo:w  or  fibrous  cloud  produced  by  the  upper  level  outflow 
from  thunderstorms  or  convtttlve  clouds.  Anvil  debris  does  not  meet  the  definition  If  It  Is 
optically  transparent.) 

).  Do  net  launch  If,  for  ranges  equipped  with  a  surface  electric  field  tail)  eot.work  (9),  at  any 
tine  during  the  15  minutes  prior  to  launch  time,  the  one  minute  average  of  absolute  electric  field 
Intensity  at  the  ground  eicceds  1  kilovolt  per  meter  (I  kY/o)  within  5  n.nt.  of  the  launch  sate 
unless: 

a.  There  are  no  clouds  within  10  n.nt.  of  the  launch  site;  and, 

b.  S*ile  or  ground  fog  It  clearly  causing  abnormal  readings. 

4.  Do  not  launch  If  the  planned  flight  path  Is  through  a  vertically  continuous  layer  of  clouds  with 
an  overall  depth  of  1.4  to  (4500  ft)  or  greater  where  any  part  of  the  clouds  arc  located  between  the 
0*C  and  the  -20*C  temperature  levels  (see  Fig.  11). 

(DEFINITION:  A  "cloud  layer*  Is  any  broken  or  overcast  layer  or  layers  connected  by  cloud 
elements  i  e,g.,  turrets  frm  one  cloud  layer  to  another.) 

5.  Do  not  launch  If  tho  planned  flight  path  Is  through  any  cloud  types  that  extend  to  altitudes  at 
or  above  the  0*C  level  and  that  arc  associates  with  disturbed  weather  within  5  n.at.  of  the  flight 
path  (see  Fig.  12). 

(DEFINITION:  "Olsturbed  weather*  Is  any  meteorological  phenomenon  producing  moderate  or 
greater  precipitation.) 

6.  Do  not 'launch  through  thunderstorm  debris  clouds,  or  within  5  n.nl.  of  thunderstorm  debris 
clouds  not  monitored  by  a  field  mill  network  or  producing  radar  returns  greater  than  or  equal  to 

io  obz. 

(DEFINITION:  "Debris  cloud*  is  any  cloud  layer  other  than  a  thin  fibrous  layer,  that  has 
become  detached  from  the  parent  cumulonimbus  within  3  hours  before  launch.) 


COCO  SENSE  RUtE: 

Even  when  constraints  are  not  violated,  If  any  other  hasardous  conditions  exist,  the  launch  Weather 
Officer  will  report  the  threat  to  the  launch  Director.  The  launch  Olrcctor  may  hold  at  any  time  based  on 
the  Instability  of  the  weather. 


5.  AIRBORNE  FIELD  Hill  PROGRAM 

In  order  to  better  quantify  the  atmospheric  electrical  threat  to  launch  vehicles  and  to  evaluate  a 
state-of-the-art  airborne  field  mill  system,  NASA  and  tho  U.S.  Air  Force  have  Initiated  a  Joint  Airborne 
Field  Mill  (ABFH)  Program  (61).  During  the  feasibility  phase  In  the  summer  of  19B8,  the  IMIHT  SPTVAR 
airplane  successfully  demonstrated  that  ABFH  data  can  be  obtained  with  acceptable  levels  of  accuracy  and 
precision,  in  the  upcoming  operational  test  phase,  the  NASA  Langley  Research  Center's  Lear  28/29 
airplane  (Fig.  13)  will  be  equipped  with  five  field  mills  to  be  provided  by  the  NASA  Marshall  Space 
Flight  Center.  The  program  objectives  are: 

a)  to  1  illd  an  ABFH  data  base  which  will  be  analyied  with  concurrent  weather  data 

b)  t<  lid  a  data  base  for  day  of  launch  decisions  to  use  as  a  basis  to  relax  the  current  weather 
U  h  commit  criteria  (ICC) 

cj  to  v  uracterlte  the  electric  field  structure  of  clouds 

d)  to  determine  electrical  relaxation  times  of  charged  debris  clouds 

ej  to  evaluate  whether  current  weather  ICC  end  Flight  Rules  for  natural  and  triggered  lightning 

should  be  changed 

f)  to  define  situations  when  an  ASFH-equipped  aircraft  Is  needed  for  day-of-launch  support. 

To  accomplish  these  objectives,  the  NASA  Langley  Lear  23/29  airplane  will  be  flown  In  Instrument 
Flight  Rules  (IFR)  conditions  In  the  vicinity  of  Cape  Canaveral,  Florida,  In  conjunction  with  ground- 
based  data  and  guidance  support  froa  NASA  Kennedy  Space  Center  and  the  U.S.  Air  Force  Eastern  Space  and 
Missile  Center.  These  flights  will  occur  In  cloud  types  which  produce  t,.e  conditions  described  in  the 
launch  eocralt  criteria:  cumuli,  thunderstorm  debris  clouds,  disturbed  weather  (rain  clouds),  and  layered 
clouds  between  the  O^C  and  -209C  Isotherms.  The  aircraft  Is  being  prepared  to  safely  operate  In 
occasional  moderate  turbulence,  conditions  conducive  to  airframe  Icing,  and  maximum  precipitation 
reflectivity  values  of  30  dBZ  (moderate  rain).  Finally,  the  airplane  will  be  Inspected  and  modified,  as 
necessary,  to  safely  withstand  lightning  strikes,  since  occasional  triggered  lightning  strikes  can  be 
expected. 

The  knowledge  of  the  airborne  electrical  environments  sufficient  for  vehicle  triggered  lightning 
which  will  be  gathered  In  this  program  will  be  used  to  Increase  launch  availability  while  maintaining  the 
level  of  safety  provided  by  the  new  launch  commit  criteria.  These  findings  also  may  be  used  to  avoid 
lightning  strikes  to  aircraft  flying  through  clouds  of  different  types  as  well  as  to  provide  a  reliable 
warning  to  pilots  of  Impending  lightning  strikes. 
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6.  CONCLUDING  REMARKS 

The  experience  and  technical  data  produced  by  the  NASA  V*ngtcy  Research  Center  Stem  Hazards  Program 
cod  by  other  recent  research  programs  have  resulted  In  i  substantial  Increase  in  our  knowledge  regarding 
lightning  Interactions  with  aircraft.  These  data,  In  combination  with  data  collected  from  commercial  and 
■Hilary  aircraft  In  routine  operations,  hate  provided  Insights  Into  the  effects  of  lightning  on 
operations  of  aerospace  vehicles. 

The  Insights  discussed  In  this  paper  are  suaurited  as  follows: 

o  Aircraft  lightning  strikes  occur  In  both  thunderstorm  and  non-thunderstorm  conditions. 

o  The  thunderstora  regions  with  the  highest  probability  for  an  aircraft  to  experience  a  direct 
lightning  strike  were  those  areas  where  the  aablent  temperature  was  -ao^C,  where  the  relative 
turbulence  and  precipitation  Intensities  were  characterized  at  negligible  to  light,  and  where  the 
lightning  flash  rate  was  less  than  10  flashes/atn.  However,  direct  lightning  strikes  were 
encountered  at  nearly  all  teoperaturet  and  altitudes. 

o  The  non-thunderstorm  regions  with  the  highest  probability  for  an  aircraft  to  eiperlence  a  direct 
lightning  sti'lke  were  those  areas  where  the  aablent  temperature  was  between  vlO^C,  In  rain,  where 
the  relative  turbulence  Intensity  was  characterlted  at  negligible  to  light,  and  where  there  was 
little  or  no  other  lightning  activity. 

o  Host  aircraft  lightning  strikes  aro  triggered  by  the  vehicle  Itself.  Lightning  strikes  In  which 
the  aircraft  Intercepts  a  naturally-occurring  lightning  flash  also  occur,  predominantly  at  lower 
altitudes. 

o  The  presence  and  location  of  lightning  do  not  necessarily  Indicate  the  presence  or  location  of 
hazardous  precipitation  and  turbulence.  In  addition,  hatardous  precipitation  and  turbulence  are 
not  necessarily  related  to  one  another. 

o  The  NASA  end  U.S.  Air  Force  have  written  new  launch  cansit  criteria  for  natural  and  triggered 
lightning  to  be  used  for  launches  of  tho  Space  Shuttle  and  expendable  launch  vehicles.  These  two 
agencies  have  begun  an  Airborne  Field  Kill  Program  which  will  provide  data  which  can  be  used  to 
safely  revise  the  launch  coovlt  criteria  so  as  to  provide  Increased  launch  availability. 
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TABLE  2.-  PRINCIPAL  LIGHTNING  ACCIDENTS/ I NCIOCNTS 


8707-121  {PAN  AM):  12/8/63 
Elklon,  HD 

Fuel  Ignition  -  Loss  of  ilrcnft  -  82  fititlties 

APOLLO  12  (MSA):  11/14/69 

MSA  Kennedy  Spice  Center,  FL 
Minor  Oinige 

8747-131  (IRAN  AF> :  5/9/76 
Midrld,  Sprln 

Fuel  Ignition  -  Loss  of  ilrcnft  -  17  fiUlltlrs 
ATLAS/CEHTAUR-67  (MSA):  3/26/87 

Cepe  Cmiveril  AFS,  FL 

Memory  upset  In  Olgltsl  Computer  Unit  (DCU)  -  Loss  of  vehicle 
METRO  III  (UFO):  2/8/88 
Hulhelo,  FRG 

loss  of  Electrical  Power  -  Loss  of  aircraft  •  21  fatalities 
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jmu  3.-  major  *uc*wt  iicmimimc  smut  AtstAACH  programs 


Progrw 

Xaae 

Agencies 

Airplane 

Mo, 

Strikes 

Tetrt 

References 

thundersiera 

USAf,  U5M, 
MCA,  USVt 

P-SIC  (A) 

21 

MtS-'tf 

29 

Rough  Rider 

USAf,  fAA. 
MOAA,  Sendla 

f-’.OCF  (I.C) 

SS 

itet-'ts(c) 

30-33 

TRIMS 

USAf,  HASA, 
SRI 

leir  2t| 

1 

ms 

3t 

Stom  Hatardt 
(0) 

HASA 

OHC-S 

Moa 

0 

m 

ms 

1919-1586 

35 

II,  IS 

low-Altltude 
Olrect  Strike 
U) 

fAA,  USAf. 
KU.  OHtRA 

cv-wo 

S2 

19St-'6S 

19,  36 

CCAT 

(France) 

«AT 

C.1S0 

13 

1918 

20,  31 

Undes  'St 

OHtRA 

(France) 

C.I60 

Unknown 

1984 

20 

Tnnstll  '88 

ostu 

(frince) 

C.160 

12 

(ttt.) 

1988 

20 

Mlsc. 

SOSMtT(G) 

T-88 

♦  (f) 

1969-Present 

38,  39 

Mltc. 

WIMI(M) 

SPfVAA 

11 

l9IS-Prtseni 

to 

Motes: 

(A)  Up  to  10  P-6IC  'Midi  Widow"  aircraft  wtr«  used  In  addition  to  several  auatltary  aircraft. 
HI  A  C-130  and  U-2  iho  were  used  (or  non-penetratlon. 

C)  The  overall  Rough  Rider  Progran  coosenced  In  1560  and  uttd  <  variety  of  aircraft  (33). 

0  Stt  tahle  *  for  details. 

t)  IMS  prograa  protttdtd  through  several  prellalnary  phases  and  aircraft  (19). 
r)  Strikes  with  significant  damage. 

G)  South  Dakota  School  of  Mines  »nd  Technology. 

H)  New  Kenlco  Institute  of  Mining  <nd  Technology. 


TAB  LA  4..  NASA  STORM  HAZARDS  KISSIOM  SUMMARY 


Year 
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1986 

Total 

Ht««iorv« 

19 

26 

35 

60 

38 

19 

9 

lit 

fenetretioni:  Kith 

23 

29 

191 

296 

273 

25 

It 

857 

Low 

A6 

82 

50 

26 

136 

19f 

100 

639 

Total 

69 

in 

2tl 

324 

609 

224 

111 

1696 

Strikes:  tilth 

6 

7 

153 

216 

223 

12 

1 

616 

Low 

6 

3 

3 

0 

24 

41 

23 

98 

Total 

10 

10 

136 

214 

267 

53 

26 

716 

Msarbys:  Hlth 

1 

9 

26 

no 

11 

11 

0 

169 

Low 

5 

13 

0 

2 

0 

0 

0 

20 

Total 

6 

22 

26 

112 

11 
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(a)  location  of  eleclrc®agn«tle  sensors. 


rig.  J.-  Aircraft  lightning  strike  Incidents  at  a 
function  of  outside  air  teeperature.  frcm 
Pluoer,  Raich  and  Glynn  (l). 


(b)  Location  of  additional  research  sensors. 


Fig.  I,-  NASA  Langley  Research  Center  F-106B  Store 
Hazards  research  airplane  used  frees 
1979*1930. 
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I.  USA  (Pkrmar  197144) 

J,  EuropoisA  (A)  (Anderton  19CC-74) 

3.  USSR  (Tumov  1969-74) 

4.  UK/Europ«  (Perry  1959-75) 

5.  USA  (Newman  1950-61) 


Fig.  2.-  Aircraft  lightning  strike  Incidents  as  a 
function  of  altitude.  Fro®  Fisher  and 
Pluner  (2)  with  updated  data  fro®  Pluoer, 
Raich  and  Glynn  (1). 
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Fig.  4.-  Thundcrstoro  penetratlont  and  lightning 
statistics  as  a  function  of  pressure 
altitude  for  NASA  Store  Haiards  ’E0-'C6. 
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Fig.  5.-  Thunderstore  penetrations  and  strike 
statistics  as  a  function  of  ambient 
temperature  for  NASA  Store  Hazards  ‘$0-'6$. 
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Fig.  6.-  Relationsh'p  of  lightning  strikes  to 
relative  turbulence  and  precipitation 
intensities  for  KASA  Store  Hazards  • 80- 1 R6 . 
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fig.  7.-  Relationship  of  lt$htnlng  lirliei  to 
relative  turbulence  intensities  for 
ceeeereUl  aircraft  In  the  U.S.  and  Japan. 
fr«a  Plieer,  Raich  and  Ctjmn  (I)  and  Coto 
and  KirecU  (27). 


fig.  II.*  Shuttle  launch  comlt  criteria  *  layered 
cloud  criteria.  Clouet  layers  ewtt  C4 
1372  a  (1500  ft)  ihlet  or  thlcter. 
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Fig.  9.*  Shuttle  launch  comlt  criteria  • 

horizontal  avoidance  frca  thunderjtorw 
and  building  cuailus. 


Fig.  10.-  Shuttle  launch  cceaalt  criteria  -  dawn- 
range  distance  as  a  function  of 
vertical  separation. 
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Fig.  12.-  Shuttle  launch  comlt  criteria  - 
disturbed  weather. 


Fig.  13.-  NASA  Lear  28/29  airplane  used  In  the 
joint  liASA/USAF  Airborne  Field  Hill 
Progress. 
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Testing  aircraft  flight  asfely  critical  *yel«*a  against  Me  effects  *f  rilectrooagnellc  interference 
(EHl)  1*  n«ra,lly  carried  cut  on  Me  ground  ter  reason*  of  safety,  practicality  and  tost.  Thin  paper 
dlacueaea  Me  threat  and  Me  eftecie  of  txt  en  aircraft  eyeleaa,  U  revle»a  Me  currant  ground  leal 
method*  u«ad  »l  Me  Aeroplane  end  Armament  Experiments!  Caiabllahaenl  (AAAEE),  Including  Me  llsl- 
Milena.  uncertainties  «t  measurement  end  safely  aarglna.  A  flight  leal  method  tor  aaaeaelng  Me 
effects  w  critical  systems  from  bath  Me  on-board  end  external  electromagnetic  environment  is  described 
Mich  should  enable  Me  ground  leal  result*  lo  be  fsctnred  Ihua  providing  a  none  precise  clearance  far 
service  u*«  v|M«ui  ceapnosMtng  safely. 

).  Inuediellwi 


Electromagnetic  compatibility  (tXl  la  considered  to  be  eaubltabed  Men  m  unacceptable  effect* 
occur  to  the  aircraft  eyateaa  fro*  operation  of  M«  aircraft's  equipwnt  or  frcn  Me  external  electro* 
magnetic  enxlronn.nl  that  It  fllea  In.  W|M  the  increasing  dependence  of  flight  safely  critical  (ESC) 
ayeteen  on  electronic*  and  Me  general  riae  In  leveln  of  the  Rf  environment,  the  errora  and  resulting 
llaltallona  lapoaed  by  the  preaent  IxC  ground  baaed  teat  method*  need  to  be  exaelned  In  an  attempt  to 
provide  a  no re  accurate  clearance  without  coepro»tal.ig  safely.  Over  the  paat  two  yeara  AAAEI  have  been 
Involved  wtM  aoee  of  the  flight  teat  aapecla  of  EX  testing  and  have  recently  carried  out  a  eerie*  of 
flight  leate  lo  quantify  Me  errora. 

On  nilltary  aircraft  KX  Mating  la  required  lo  cover  Engineering.  Armament  and  Xlaslon  eyeless, 
Mia  paper  la  specifically  concerned  with  engineering  ayateaa  Mai  are  tSC,  however  the  principles  are 
applicable  to  other  ayateaa.  A  rsc  a/aiea  la  defined  aa  one  where  any  failure  to  operate  correctly 
could  result  In  Me  loss  of  aircrew  Me  aircraft  or  amanenM  which  In  turn  could  also  threaten  public 
safety.  In  noai  nilltary  aircraft  this  covers  flight  control,  stability  augmentation  ayateaa,  engine 
control,  gust  alleviation,  rotor  de-icing  and  aose  flight  Inatruaenta.  The  criticality  of  these  ayate*a 
nay  vary  depending  on  Me  aircraft's  role. 

The  susceptibility  of  Metalled  fSC  ayateaa  lo  rodlo  frequency  Interference  (Rfl)  can  vary  between 
aircraft  of  the  ease  type.  Thle  variation  reaulla  froa  Me  different  coupling  paMi  (to  Me  ayaten)  due 
lo  aircraft  wiring,  Me  structure,  and  froa  the  variation  in  M*  baalo  susceptibility  of  Mo  oqulpa  nt. 
Tasting  la  normally  carried  out  on  one  production  aircraft  and  wlM  »  float  of  osy  200  aircraft  a  eargln 
of  safety  has  to  be  applied  lo  cover  the  spread.  An  additional  safety  margin  la  also  -equlred  to  cover 
Me  uncertainties  of  nexurenent. 

The  sources  of  Rfl  are  froa  ealsalona  within  Ms  aircraft  {on-board}  and  froa  ground,  ship  or 
airborne  (external)  based  iranaatitera.  The  frequency  spcclrua  extends  froa  several  hundred  kllohertx 
to  tens  of  gigahertz,  and  can  be  continuous  wave  (Of)  or  pulsed.  The  electrosagnetlc  behaviour  of  an 
aircraft  when  aubjectsd  to  Rf  radiation  In  Me  high  frequency  (Ilf)  b4nd  is  statlar  to  a  combination  of 
dipole  antennas,  currents  flow  In  Me  aircraft  akin  Mleb  art  Men  re-radtaled  vlMln  Me  aircraft 
structure.  At  higher  frequencies  external  energy  can  penetrate  through  apertures  In  Me  aircraft's 
•kin.  The  radiation  can  couple  directly  Into  circuit  elenenlo  via  gaps  or  holes  In  Me  equipment,  or 
Into  Me  connecting  cables.  The  dimensions  of  the  atrvclure  and  cables  are  (aperient  as  coupling  is 
oore  efficient  Men  Mey  are  half  of  Me  energy's  wavalengM.  The  slxe  of  a  atrlke  aircraft  enables 
frequencies  In  the  W  band  to  couple  more  efficiently  Man  other  frequency  bands  Mus  causing  higher 
currents  to  be  Induced  into  equipment  cables,  for  exaapla  an  aircraft  with  an  overall  lengM  of 
20  asters  would  have  a  half  wavalengM  frequency  of  about  8  Mix.  The  frequency  where  coupling  la 
efficient  la  termed  resonance.  Transmitters  boM  on-board  and  external  at  those  frequencies  are  often 
high  power  and  range  froa  hundreds  of  watts  to  megawatts. 

2,  EX  Testing  General 

EX  testing  of  aircraft  ayateaa,  require*  the  aesxureeent  of  Mo  aegnltude  and  frequency  of  Me 
Interfering  source,  measuresent  of  Me  coupled  energy  and  observation  of  Me  effects,  froa  boM  the 
on-beard  and  external  sources  -f  W  interference.  Energy  couplee  elMer  directly  Into  th«  equlpoent  via 
holes  nr  slots  typically  ab«>va  500  XHx,  or  indirectly  by  way  of  Me  aircraft  akin  and  connecting  cables 
at  Me  lower  frequenelee.  Once  Me  energy  hex  coupled  Into  Me  equipments  electronic  circuits  and  If 
Me  level  la  high  enough  a  disturbance  or  even  dasage  can  occur.  The  Rf  energy  dose  not  generally 
disturb  Me  ayateaa  directly  since  Me  frequency  la  ouch  higher  Man  Melr  operating  bandwidth,  which 
for  exaapla  on  an  autopilot  la  only  tens  of  hertz.  However  Me  non-linearity  and  high  gain  of  Me 


electronic  toopomcnu  within  Ih*  elreulu  cause*  the  p  races*  or  degcxSolailen  and  rectification  lo 
occur,  similar  to  the  basic  process  of  »  communication*  receiver.  »*e  re*»ll  or  thl*  process  la  a 
lea  frequency  eo*pencnl  which  la  Interpreted  os  a  signal  and  If  eras;  enough  will  eaus*  a  system 
waUcnellen.  Kf  energy  can  dlr-eily  effect  so*e  systems  If  their  operating  bandwidth*  or*  high  encash, 
an  example  being  the  clock  in  the  CPU  of  a  digital  system  *Meh  can  operate  up  to  SO  MU, 

The  normal  practice  In  tsallng  for  SMC  1»  W  use  the  aircraft's  own  transalttera  too* beard!  and  a 
mu  transatiler  (external)  to  assess  *nvlp»«ttl  susceptibility.  r«r  the  external  environment  the 
aircraft  can  be  cleared  to  the  field  level  at  which  the  *yal-«  malfunctions  with  a  safety  margin 
applied.  Ter  the  on-board  the  aircraft  la  cleared  If  a  margin  of  safety  aalata  between  the  level  «f 
energy  measured  on  the  equipment  ctblea  and  the  level  that  causes  an  equipment  oal function. 

If  the  level  of  the  interfering  source  Is  Insufficient  to  cause  a  malfunction  and  the  malfunction 
threshold  of  the  equipment  needs  to  bo  related  to  a  particular  external  field  level  or  on-board 
transmitter.  two  parameter*  can  be  ncaaured  that  together  quantify  any  disturbance  aechsntea.  These  are 
the  Coupling  factor  (often  called  the  transfer  function)  which  relates  the  interfering  source  to  the 
equipment  Input  and  the  Susceptibility  factor  of  the  equipment  itself.  To  quantify  the  coupling  factor 
measurement*  mrs  undo  on  the  equipment  cables  of  the  Induced  Kf  current  (bulk  Current  Measurement)  that 
result*  from  the  Interfering  source.  If  the  source  la  external  the  field  strength  (expressed  In  volts 
per  oeter)  U  measured  and  the  coupling  factor,  which  la  linear,  la  then  defined  a*  the  magnitude  of  the 
current  Induced  Into  the  equipment  cable  per  unit  field  strength  expressed  In  nllllamps  per  volt  per 
*et«r  (nA/V/M).  The  suacepltblllty  factor  of  the  equipment  la  measured  by  either  Increasing  the  level 
of  the  interfering  source  until  a  disturbance  occurs  and  recording  the  bulk  current  In  the  cable,  or 
alternatively  injecting  current  (Bulk  Current  Injection!  Into  the  cable  bundle  and  raising  the  level 
until  a  disturbance  occurs. 

The  bulk  current  measurement  (BOO  technique  has  been  In  use  In  the  W  and  FRO  for  some  time,  and 
is  really  the  only  practical  method  of  measuring  the  current  in  a  cable  bundle.  To  break  each  cable  to 
facilitate  measure sent,  or  to  measure  Individual  wire  currents,  would  be  extremely  time  consuming  and  of 
course  breaking  the  cable  would  modify  the  aircraft  wiring  and  In  some  cases  the  results  would  be 
questionable.  KM  was  developed  lo  overcome  lhl»  and  the  technique  uses  a  ferrlt*  cored  transformer 
(probe)  which  Is  clasped  eround  the  cable  bundle  close  to  the  connector  of  the  equipment  under  teat 
ttVT).  The  Rr  current  Is  coupled  Into  the  probe  by  transformer  action,  which  In  turn  la  connected  to 
measuring  equipment  for  example  a  spectrum  analyser.  The  technique  la  also  used  In  the  test  house 
during  equipment  qualification  testa. 

Vith  the  SCI  technique  ST  energy  is  "Injected-  into  the  cable  bundle  using  a  transformer  similar  to 
a  8CM  probe  but  with  greater  power  handling  capacity  tup  lo  109  vans).  It  la  positioned  on  the  cable 
clots  to  the  KM  probe  and  t*  driven  from  a  frequency  synthesiser  with  modulation  applied  via  an  RF 
power  amplifier.  The  forward  power  lo  the  probe  la  Increased  until  malfunction  occurs  or  until  the  test 
equipment  limits  are  reached,  the  current  at  malfunction  la  measured  using  a  PCX  piobe.  This  process  is 
repealed  on  all  cable  bundles  to  or  from  the  FSC  equipments  over  the  frequency  spectrum  0.0  to  COO  Mlx. 
The  resulting  malfunction  currents  can  then  be  plotted  against  frequency  thus  producing  the  suscepti¬ 
bility  factor  for  each  cable  bundle.  As  Ki  uses  local  coupling  the  testa  can  be  performed  with  the 
aircraft  in  a  hanger  using  ground  power  supplies.  The  PCM  probes  aro  connected  to  the  measuring 
equlpeent  (spectrum  analyser)  via  a  commercial  fibre  optic  link  (rOL)  a»  conductor*  attached  to  the 
aircraft  could  produce  erroneous  result*,  fig  1  show*  the  gensral  arrangement  of  the  BCR/ PCI  technique. 

A  safety  margin  (3X)  can  be  defined  (Ref  1)  as  the  ratio  by  which  the  level  ncxded  to  upset  the 
equipment  exceeds  the  level  of  Interference  the  aircraft  fleet  are  cleared  to  operate  in.  The  normal 
practice  at  AtAEE  is  to  test  one  aircraft  of  a  given  type  and  provide  a  clearance  for  the  whole  fleet. 
Several  surveys  have  been  carried  out  In  the  WC  to  establish  how  the  coupling  factor  can  vary  aeresa  a 
flest  of  aircraft  (Ref  3),  and  a  survey  Is  also  planned  to  assess  the  variability  of  equipment  suscepti¬ 
bility.  The  coupling  factor  surveys  have  shown  that  over  eampiea  of  10  end  31  aircraft  vorae  case 
varlstlona  of  10/1  can  exist,  A/l  la  typical.  XIL-C031D  requires  a  anfety  margin  of  2/1  for  fSC 
equipment  although  no  Justification  1*  given  for  this  value.  Equipment  aucceptlblllty  teats  are  carried 
out  during  qualification  as  required  by  X1L-4SI  and  DEF  FfAN  49/41,  these  consist  of  radiated  and 
conducted  susceptibility  lasts  and  are  essentially  for  assessing  the  equipment  withstand  capability  in  a 
defined  teat  house  environment.  The  electromagnetic  environment  within  the  aircraft  structure  cannot  be 
simulated  In  the  teat  house  as  the  field  conditions  are  practically  Impossible  to  measure  inside  s 
strike  aircraft  using  conventional  antennas  snd  measuring  receivers.  One  point  to  consider  lo  that  a 
fleet  of  aircraft  with  a  coupling  factor  variation  of  4/1  would  also  have  equipments  which  vary  In 
susceptibility.  In  most  military  applications  equipments  are  moved  from  aircraft  to  aircraft,  therefore 
the  probability  exiata  that  the  aircraft  with  the  highest  coupling  factor  could  have  equipment  fitted 
with  the  highest  susceptloillty.  Therefore  with  a  single  aircraft  test  a  SM  is  essential. 

EMC  testing  on  the  ground  can  not  simulate  precisely  the  RF  environment  that  sn  aircraft  la 
subjected  to  in  flight.  However,  ssfety,  cost  and  time  dictate  that  ground  testing  will  continue  to  be 
the  primary  test  method.  However  there  is  some  evidence,  from  UX  experience,  that  the  enorgy  Induced 
Into  systems  snd  the  disturbance  effects  could  vary  between  the  ground  and  flight  condition.  Therefore 
there  is  a  need  to  carry  out  limited  flight  tests  with  a  view  to  establishing  a  faetor  for  future  ground 
testing.  This  paper  will  nov  describe  the  prenent  ground  test  methods  used  at  AtAEE  and  the  limi¬ 
tations,  uncertainties  and  ssfety  osrglns  associated  with  each  method,  followed  by  the  flight  tost 
methods  and  the  Initial  results  of  a  flight  trial  on  a  rotorcraft.  The  problems  of  EMC  flight  test 
instrumentation  will  also  be  described. 


3. 


Cjfrjfsj  Test  M»Ov«da 


cvr-»Mftl  , 

the  M.T,wa  of  this  teat  U  to  assess  the  susceptibility  of  fiC  syat.ni)  to  t hk  If  environment 
pradoMd  by  the  aircraft's  o*tt  transmitters.  frier  to  storting  thi*  teat  »y«tM  f*rref»*nce  checks  ore 
cerrisd  #Mt.  Cit  *r«!fc*tticrs  am  removed  fro*  Uji  aircraft  and  checked  for  bS(i1m«  output  p«*ori  vwy 
fir*  (i*eds*tttera  hire  a  axxisu*  output  power  »p«e tried.  RCX  prohpa  or*  etsrped  on  lbs  cable;:  la  be 
tested  mi  IMr  trw.ialttcr*  of-eralcd  ovar  thoir  frequency  epeclrv*.  At  each  teat  frequency  BjduUUoft 
t»  eapluyed  acid  th«  aftxltom  current  recorded  wvl  the  fSC  systems  operated  and  a»aeisnd  fev  <w)r«v*len« 
if  thp  epe  ratio;  of  the  trcoaxUlers  doe*  not  etttw*  a  oalfvnqtien  a  BS1  teat  la  tIHM  performed  on  th* 
#**«  cable*  and  the  level*  raised  at  each  frequency  until  xal function  or  a  (planned  Xsxtmual  disturbance 
occur*  «-  teat  equipment  Halts  ara  reached.  The  equipment  susceptibility  U  then  coopered  vlth  inducer 
curreh.*  t ft*  J)  and  a  5X  established. 

Because  of  reaonshce  the  cqupl Ins  Can  he  significantly  higher  at  eoee  frequencies  and  a  SX  criteria 
rrty  not  he  net,  or  e«r  verse  no  3X  exists  and  F5C  systems  wy  he  disturbed  hy  the  transmitter*.  If 
this  occura  there  are  four  poeetble  optional  1.  Restrict  the  operation  of  the  tree. earners  at  these 
frequencies,  },  Reduce  the  power  of  the  transmitter*.  3.  tUrdeh  the  TSC  equipment  4.  Xodtfy  the 
coupling.  Havener  before  these  atepa  are  token  flight  testing  should  he  carried  out  a»  the  effect  of 
the  ground  plane  can  Influence  the  result*.  Option  d  has  been  used  auoceeafully  particularly  at  Itf 
frequencies,  hut  It  does  Bean  that  the  airborne  performance  of  the  eosountmton  syate*  haa  to  be 
re-tealed  at  reduced  power  before  this  solution  ean  he  employed. 

On-h»srd  Enhanced  Level 


Thla  method  haa  the  aaae  purpose  as  the  previous  leal  but  data  not  use  the  SCI  technique  to  dettr- 
elne  malfunction  and  SX.  This  oelhod  la  required  when  the  available  space  to  fit  t£I  t  hex  probes  la 
ltetted  and  if  the  additional  "X  required  for  BCt/LCX  Is  unacceptable.  With  thla  aethod  the  transmitter 
output  power  la  Increased  u>  obtain  the  required  iSX  by  Inserting  a  linear  power  amplifier  between  the 
transmitter  and  aircraft  aerial  and  radiating  across  the  frequency  band  at  this  "enhanced"  level.  BOX 
probes  are  fitted  where  possible  to  aoattor  .he  Increase  In  coupled  current  iuv,  If  no  oalfunotlons  occur 
a  true  3X  la  dcaoaairated.  this  seeea  an  Ideal  method,  however  It  suffer*  fro  a  major  drawback  as  noae 
Itf  ayatess  particularly  the  aerial  tuning  unit  cannot  cops  with  the  Increase  In  power.  T or  exist  Vtir/Ulf 
systems  the  method  works  well  and  the  saae  optlo.nl  apply  as  with  the  prevlo>'u  on-board  aethod.  flight 
testing  Is  difficult  end  la  only  practical  with  large  aircraft. 

High  Level  Ten  tine  (External  Environment) 

Thla  la  a  teat  w>Uwl  that  haa  been  In  use  at  AtAEE  for  many  years  and  has  been  continually 
developed  to  Ue  present  state.  The  whole  aircraft  la  Illuminated  by  high  level  Rf  Helds  in  the 
frequency  range  2SQ  Alls  to  S  Ola  st  selected  frequenelos.  thase  teste  are  perforated  In  an  open  site 
facility  celled  the  Radio  frequency  Itnvlrcnnental  Generator.  The  testing  Is  senl-autooated  under 
coapwter  control  end  can  be  perfnrwd  m  *  variety  9f  fixed  and  rotary  wing  aircraft  with  engines 
running  and  rotors  engaged.  The  sain  advantage  of  this  teat  la  that  the  whole  aircraft  and  ayatess  are 
Ulualnated  aloul tenuously  In  a  relatively  high  Held  strength  and  eystea  Interaction  ean  be  studied, 
which  la  not  the  case  with  tha  BC1  technique. 

Before  the  aircraft  la  positioned  in  the  test  site,  the  area  la  calibrated  using  a  free  field  probe 
which  measures  the  eleeUSe  and  magnetic  components  of  the  horliontol  and  vertical  Holds  at  specified 
heights.  Calibration  would  be  neanlnglesa  with  the  aircraft  In  position  as  the  flald  would  be  severely 
disturbed.  It  la  the  magnitude  of  freo  apace  field  conditions  that  are  specified  when  defining  ihe 
electromagnetic  Halt*  In  which  the  aircraft  can  operate. 

BCX  probes  are  positioned  on  the  cables  And  connected  via  the  fibre  optic  link  to  tha  test 
facility.  The  aircraft  ie  operated  In  a  simulated  flight  condition  however,  for  flight  control  systens 
(fCS)  this  ie  not  possible  to  achieve  as  the  controls  end  surfaces  ere  In  an  open  loop  condition  with  no 
aerodynamic  feedback.  Kngtnoa  that  have  electronic  control  need  to  be  operated  at  maximum  thrust  to 
exercise  tha  Halters,  or  changes  to  software  to  artificially  Halt  teaperature  and  RPM.  Vlth  all 
aysteaa  operational  the  (laid  strength  la  raised  at  each  spot  frequency  until  malfunction  or  the  maximum 
field  la  reached,  nodulailcn  le  aleo  applied  at  each  frequency.  On  aooa  engine  control  systens  certain 
malfunctions  can  cause  the  engine  to  accelerate  to  destruction  end  aeehonlcal  Ualtera  have  to  fitted  to 
avoid  this  situation.  The  current*  on  the  cable  loo aa  are  recorded  at  each  frequency  snd  the  records  of 
any  eyatea  disturbance.  A  2:1  SK  can  be  achieved  by  halving  the  Held  level  that  caused  a  disturbance, 
or  the  aaxleua  field  that  could  be  generated  If  no  disturbance  occurs. 

The  aajor  shortcoalnge  of  high  level  testing  are,  that  on’./  spat  frequencies  are  available,  the 
effects  of  the  ground  reflected  Jve,  the  proxlsitv  the  a'rcrsft  to  the  transalttcr  and  the  non 
representative  condition  of  teatlng  a  flight  control  aywtea  stationary  on  the  ground.  The  later  two 
cases  can  be  overcoae  with  flight  testing.  Spot  frequencies  can  alas  important  resonance  points  and 
BOOS  aethod  la  required  to  sweep  the  frequency  band.  TbU  cannot  be  done  at  high  power  levels  for  any 
length  of  tlw  btcause  of  the  risk  of  interference,  also  there  are  techn.cat  difficulties  In  designing  a 
high  power  swept  frequency  source.  To  overcome  this  problem  a  low  level  teat  aethod  has  been  developed. 

Low  level  Sweep  ILLS) 

To  clialnato  aoae  of  the  disadvantages  of  high  level  testing  the  IIS  aethod  vu  developed  by  MAES 
and  tho  Royal  Aerospace  Establlahoent  (RAo).  The  aircraft  is  Ulualnated  by  a  avept  low  level  eource 
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over  the  frequency  range  1  to  .1 00  Mi*  *k  field  levslo  of  typically  l  V/X  froa  different  aspects  (both 
since,  noot  end  Ull),  the  resulting  Induced  currents  on  ealeeted  cable#  ere  measured  using  tCX  probes. 
The  test  ait*  is  first  calibrated  (vt’.hodt  the  aircraft)  at  a  distance  of  ICsi  fr*e  the  source  at  various 
»a)ghla  for  both  horltonul  end  vertical  fields  across  the  frequency  range.  The  aircraft  i*  then 
positioned  m  the  teat  site  and  the  current*  aessured  on  cables  during  the  frequency  evtep.  The 
aircraft  ayitoes  are  normally  unpo*ere<5  during  this  teat  as  research  has  ehown  that  the  coupling  factor 
to  control  and  eigwil  lines  l.a  not  significantly  changed  when  sysleas  are  powered,  hovever  the  coupling 
to  power  eu^ply  lines  can  be  affected.  The  coupling  factor  csn  then  be  calculated  In  tarns  of  Induced 
Current  per  unit  field  in  a  similar  manner  to  that  used  in  the  high  level  teat.  Any  eharp  resonances 
till  not •%*  oUaed-becaw*  of  its  swept  nature. 

The  results  of  the  US  derived  coupling  factor  can  then  be  coablned  ulth  the  SCI  susceptibility 
results  and,  ulth  the  appropriate  8X,  provide  an  Rf  operating  clearance  for  the  aircraft  which  1* 
Independent  of  any  other  t*st  oethcd.  fro«  Matt's  experience  U3  testing  generally  producee 
peaslntsvte  reaulu  then  cospared  with  high  level  testing. 

The  1AS  teat  sethod  can  alao  be  used  to  ewspa re  the  coupling  factor,  both  before  and  after  the 
Installation  of  a  oodlflcetlon,  to  eatahlish  whether  the  **  state  of  the  aircraft  hen  changed.  This  Is 
«  vary  coat  effective  solution  for  determining  the  offeats  of  nodUicaiten*  when  the  aircraft  U  In 
service  and  can  significantly  reduce  the  re*cerUficallen  test  line. 

If  high  level  testing  is  going  to  be  performed,  113  results  allow  the  spot  frequencies  to  be 
optinlsvd  on  the  Identified  resonances  and  in  sow  eases  reduces  the  need  to  cover  ell  the  available 
frequencies. 

S,  ground  Teailng  Limitation* 

All  of  the  test  methods  described  so  far  are  Influenced  by  the  proximity  of  the  ground  plane.  The 
aircraft  la  subjected  to  both  the  incident  wave  and  the  ground  reflected  wave  and  depending  on  distance 
and  wavelength  these  can  add  or  subtract  which  la  not  the  cate  in  flight  other  than  at  very  long 
wavelengths.  Also,  In  the  high  level  teet  it  la  not  slvays  possible  In  the  ItF  band  to  operate  the 
aircraft  In  true  far  field  condltlone  as  close  proximity  to  the  transmitting  source  le  required  In  order 
to  obtain  high  field  strength  levele. 

Flight  control  syalcaa  modify  pilot  deaand  Inputs  depending  on  the  nagnltudo  and  sense  of  a  number 
of  psraaeters  eg  air  data,  G,  attitude  etc.  with  the  aircraft  on  tha  ground  and  stationary,  ooae  of 
these  parameters  are  etstio,  therefore  the  FC3  le  In  an  open  loop  configuration  ao  that  the  auaceptl- 
baity  of  circuits  could  be  different  from  the  dynaale  (cloaed  loop)  condition  In  flight.  Some 
psraaeters  like  alrepeed  and  altitude  csn  be  Changed  by  using  ground  equipment,  but  the  proximity  of 
bulky  equipment  near  Use  e.lrcraft  could  affect  the  coupling  factor. 

Might  testing  to  date  has  nhown  that  ground  testing  la  usually  worse-case,  however  very  little 
work  haa  been  carried  out  to  establish  If  a  factor  could  bo  used  4o  codify  ground  lest  results.  The 
following  describee  two  flight  test  aelhoda  and  the  initial  result#  of  a  trial  to  Identify  any 
differences  between  the  Magnitude  of  current#  induced  in  FCS  cablea  during  ground  and  hover  flight  when 
expoaed  to  slatlar  electromagnetic  fields. 

3.  Might  Testing  On-Board 

The  naln  reasons  for  carrying  out  flight  testa  on  the  on-board  emitters  is  If  unwanted  effects  or 
unusually  high  susceptibilities  arc  seen  during  the  ground  teats,  or  if  tha  aircraft  typo  has  a  history 
of  EKI  related  problems  in  flight.  In  general  the  on-board  flight  assessment  Is  usually  subjectivo. 
however  cable  currents  csn  be  measured  during  flight  although  on  strike  aircraft  this  nay  be 
Impractical.  A  method  for  measuring  cable  currents  during  flight  will  be  described  later. 

Aa  one  of  the  criteria  for  flight  testing  le  to  assese  any  unwanted  effects  the  flight  safety  and 
planning  (Ref  3)  haa  to  be  carefully  considered,  particularly  If  ordinance  Is  being  carried.  The  loss 
of  the  aircraft  or  armaments  is  always  a  possibility,  therefore  testing  should  take  place  in  a  safe 
area.  It  may  be  necessary  to  carry  areanenta,  including  external  fuel  tanks,  which  sro  operated  by 
electro  explosive  devices.  If  they  cannot  be  Mde  safe  for  flight  extreme  care  has  to  ba  taken.  For 
some  aircraft  thoro  My  be  a  need  to  provide  a  chase  aircraft  to  monitor  the  behaviour  of  external 
stores,  as  cockpit  Indications  of  thsir  status  can  be  unreliable  if  they  are  fired  by  the  effects  of 
electromagnetic  Interference. 

The  ground  teats  would  have  revealed  the  frequencies  at  which  unwanted  effects  occurred  and  if  tha 
frequencies  and  power  output  of  the  tronsaitter  cannot  be  restricted  flight  testing  should  be  carried 
out.  This  will  establish  if  the  effects  reaaln  or  are  modified  In  flight.  With  military  strike 
aircraft  the  configuration  of  external  stores  and  wing  geometry  algntflcrntly  changes  tha  coupling, 
therefore  the  flight  teet  should  Include  the  worse  case  configuration,  however  the  aircraft  should  first 
be  tested  without  any  stores  if  the  unwanted  effeeta  are  on  FSC  eyatema. 

the  flight  testing  Is  normally  carried  out  by  the  crew  asking  voice  nodulated  transoieslons  across 
the  frequency  bend  and  observing  the  effects  on  the  eyeless.  The  teat  frequencies  to  be  covered  are 
mainly  dependent  on  the  ground  test  results,  hovever  0.2  Mix  steps  ocross  the  1IF  band  are  typical. 
Tranealealona  between  S  and  10  teuends  are  usually  long  enough  to  enable  the  crew  to  esseaa  eyatesa 
,  behaviour.  If  cable  currents  have  been  aessured  in  flight,  they  can  be  coopered  to  the  ground  teat 

i  results  and  using  the  SCI  test  and  SX  a  fleet  clearance  can  be  provided.  Quite  often  there  ia  an 

unacceptable  malfunction  in  flight  over  a  narrow  band  of  frequencies,  the  only  solution  if  eystea 
i  hardening  is  unacceptable  la  to  Halt  the  use  of  these  frequencies  in  flight. 
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fl*  fUfht  Testing  External  InvliwJ<mti 

Flight  In:, tin,:  ngalpit  «a  ext*  real  RF  envlrenaent  i#  usually  Only  cenatdersd  If  ths  level  of 
R T  envirsnsAnt  Mist  tow*  al.rcrsfR  U  cleared  to  Of  to  i>  not  acceptable.  Oile  option  vould  be  to  fly  the 
aircraft  over  «  calibrated  f?  envltv/ftsefA  and  ease#*  system  behaviour.  This  In  likely  to  b«  prohibi¬ 
tively,  expensive  and  technically  difficult*  However  warn  Aialtnd  flight  testa  have  been  carried  out 
against,  specula  trenanUW*  »lwc  n  special  requirement  «l»U.  k  slop’  ptlen  in  to  base  the 
clowaoM  oo  tlio  ttoutvi  touts  with  suitable  SK'o  and  lioit  the  environment  n  aircraft  tan  fly  In,  or 
for  example,  switch-  off  Ships  trftnsalttvr*  when  slroraft  or*  111  clean  proximity.  This  approach  to  the 
probJon  has-been  in  use  fot>  a  ousoor  of  years  tut  is  bocouip^  ineroxsSoqly  difficult  to  adminitiler  ns 
tranamllter  operation  becomes  automated  tnd  fMfjueney  tills,  sleet  tow  loan  of  vital  comaunicitlons  say 
(at  mnsccoptobic,  Am  ideal  solution  vould  b*  to  faster  tha  ground  teat  result*  to  provide  a  nor* 
tecum*  flight  c-lsqrtoce.  The. following  describes  *  flight  test  method  that  ha*  recently  been  used  by 
A1AEE. 

before  considering  tho  aircraft  re-Tulreatnta,  the  problem  of  producing  a  calibrated  field  In  free 
apace  suet  bo  addreeaed.  To  date  WARE  have  only  considered  the  1ST  frequency  spectrum  and  used  tho  HF 
facility  in  the-  Kollo  Envlronaiiitnl  Generator  for  CJ.i£ht  brlsla.  The  requirement  »3  to  produco  a  plans 
wore  over  o  wemenoblo  altitude,  100  to  300a  sgl,  at  a  minimum  distance  fro*  Uw  cranoslUer  of  50s. 

The  field  la  calitirftted  by  suspending  *  pnrpcaa  built  prebb  from  s  rotorcraft  which  renucea  the 
magnitude  of  the  electric  and  magnetic  fields  lr,  three  axes.  The  field  da»/i  U  tronaaJUed  from  the 
probe  to  the  alwafb  via  a  teleaatery  ljuk,  Xarkere  arc  placed  on  Uw  ground  at  regular  Interval# 
Oorrwipovvilr.g  to  the  E  field  Magnitude  o';  Urn  chosen  height  of  operation.  If  the  aircraft  used  for  the 
field  calibration  ia  to  be  the  teat  aircraft  or  la  shocu  to  be  auaceptible  to  EMI  then  ocnaltlvo  ayqtons 
should  be  inhibited  or  increasing  fields  should  bo  oppreachod  progressively,  A  safety  osoesantini  is 
always  required  before  the  field  calibrating. 

Fig  3  show  tha  aircraft  instrumentation  used  to  measure  the  Induced  currenta  in  two  cablta  for 
both  a  ground  and  flight  test  in  a  rotorcraft  which  had  sufficient  cockpit  apace  for  a  fl,ght  observin'. 
The  bulk  current  proto*  were  develops,!  for  ground  use:  thoy  are  heavy  and  nood  to  be  supported  on  the 
cwble  lx*  for  operation  in  flight.  The  power  supply  arrangement*  for  the  spectrum  enalyee!1  need  to  be 
considered  tororuUy.  Ideally  it  should  be  powered  from  a  battery,  via  an  invertor,  an  tha  quality  of 
the  aircraft  supply  may  he  inadequate  for  reliable  operation,  Thl a  would  be  tho  case  cn  some  rotorcraft 
vd'.co  tho  generators  are  tied  to  rotor  speed. 

Measuring  the  wyatoa  disturbance  could  be  achieved  by  using  conventional  Instrumentation  on  control 
surfaces,  However  although  this  vould  provide  a  conperlsoB  between  the  ground  and  flight  cases  oaro 
should  be  taken  when  using  this  hothod  for  clearance  purposes  as  the  Instrumentation  wiring  could 
sl.<nlficantly  alter  the  coupling.  Full  use  should  be  made  of  any  suitable  parameters  it  an  accident 
Oats  recorder  Is  a  permanent  feature  of  tho  aircraft.  An  alternative  is  to  use  an  aircraft  instrument. 
One  <WA»pie  on  the  teat  aircraft  being  the  flight  control  system  position  and  demand  indicator, 
a onetime*  referred  to  ns  a  Hull  indicator,  this  instrument  is  quilo  oultablo  for  co«p*ri*on  purpose*, 
particularly  if  there  is  #  video  available  for  tta*  fixing  events.  In  addition  the  pilot  will  probably 
be  making  reference  to  thU  Ineiruwmt  tJurlng  tho  fllgl:t  lest. 

The  object  of  the  flight  tost  la  to  neaaure  the  magnitude  of  current  Induced  in  o  glvon  cable  whor. 
the  aircraft  is  subjected  to  the  sane  Held  otrength  level  as  on  the  ground,  also  to  coaparo  any  affects 
on  e  flight  control  uyetim  in  both  a  eUaed  and  opor.  loop  condition.  Pa  Tors  any  high  level  testing  is 
carried  out  the  aircraft  in  subjected  Vo  LUi/BCl  test  to  establish  the  main  reionsnt  frequencies  and 
equlpaent  ausceptlbllity  tnreeholda.  Following  this  a  full  ground  high  level  test  Is  completed 
initially  on-ground  power  and  finally  on  elrr:raft  internal  power  with  engines  and  rotors  turning.  Tests 
can  be  carried  out  at  various  field  levels  to  establish  system  behsviour  with  tha  final  test  matching 
the  levels  chosen  from  the  flight  calibration.  All  four  aspects  s re  checked,  to  establloh  the  worse 
case  coupling  profile,  the  currenta  and  sny  wy* lea  disturbances  sre  recorded  at  each  frequency  and 
field  level.  A  on*  harts  modulation  w.it  found  to  prodocs  tho  worse  disturbance  on  the  ground  cn  the 
teat  aircraft  and  this  was  achieved  simply  by  keying  the  transmitter. 

Before  the  flight  teat  the  ground  test  results  shculd  be  analysed  to  dotemino  a  safe  noximua  field 
in  which  the  aircraft  can  operate  and  toe  procedures  to  be  adopted  In  tha  event  of  a  flight  control 
system  or  engine  runaway,  Vlth  a  rotorcraft  ths  flight  test  procedure  would  be  to  hover  above  the 
weakeat  field  ground  marker,  at  a  aafe  altitude  vlth  the  correct  aspect  to  too  transsitter  and  rocord 
the  currents  and  system  disturbances  at  each  frequency,  then  proceed  to  u  higher  field  strength,  Thrso 
frequencies  at  the  main  resonances  should  bo  the  minimum  requirement.  Relxwble  coaounl cottons  with  the 
ground  transmitter  la  essential,  the  aircraft  system  is  usually  adequate  if  operated  st  a  different 
frequency  to  the  RF1  source. 

Fig  a  and  5  show  the  induced  currents  In  a  FCS  cablo  bundle  for  the  ground  and  flight  ease,  when 
tho  aircraft  is  subjected  to  an  external  field  of  14  volts  per  meter.  Both  the  nose  and  side  ospecta 
are  shown,  Thoso  Initial  results  have  been  shown  to  illustrate  that  the  tart  eail.od  dee*  produce  the 
required  data.  In  this  particular  test  it  can  bs  seen  that  ths  Induced  currenta  are  similar  tor  the 
port  aspect  when  comparing  ground  and  hover.  However  there  is  some  difference  noar  the  resonance  for 
the  noso  aspect.  Further  testing  on  this  aircraft  la  required  beforo  a  factor  for  oleernnoe  can  t;e 
derived.  Two  areas  will  need  to  bo  addressed:  one,  to  determine  how  tho  current  varies  due  te  the  anglo 
of  Illumination  and  two,  the  effects  of  operating  the  aircraft  in  a  far  field  plane  wave  condition 
(flight)  cosparedl  to  tho  more  complex  field  on  the  ground.  It  tho  illumination  angle  le  tho  dominant 
factor  then  additional  flight  testing  Is  required  to  define  the  anglo  and  aircraft  aspect  that  produces 
the  highest  current.  The  system  ausceptlbllity  on  this  test  was  similar  for  ground  and  hover  flight  at 
these  three  frequencies  but  it  could  vary  considerably  If  tho  control  loop  gsin  varies  with  airspeed. 
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On  thin  aircraft  the  control  lav*  «r«  scheduled  to  iluwge  end  additional  sensors  am  introduced  at 
60  know  therefore  further  teats  over  the  speed  range  are  required. 

The  teat  method  detailed  above  is  ideally  suited  to  a  rotorcraft  however  a  fixed  wing  aircraft  doe* 
present  additional  profiles*.  Tn«r*  1*  no  room  in  a  slngi*  teat  strike  aircraft  for  the  general  purpose 
teat  equipment.  therefore,  special  to  type  instrumentation  la  required  to  record  the  coble  current*  and 
•yatea  dialurbancea  if  an  accident  data  recorder  it  not  fitted.  It  vaa  mentioned  earlier  that  Instru¬ 
mentation  can  change  the  coupling,  therefore  coupling  teetn  with  and  without  the  Instrumentation  1* 
neccaeary  if  the  results  are  required  for  clearance.  Several  alternative  methods  am  presently  being 
considered  to  neaaure  cable  currents.  One  la  to  record  the  cable  currents  on  a  digital  recording 
ante*.  The  flight  teat  method  will  be  different  without  the  capability  to  hover)  tangential  slice*  are 
flown  over  the  speed  range  at  each  field  strength  value.  However  thi*  method  only  covers  a  aide  Aspect, 
testing  ness  and  tail  aspect*  would  be  difficult  and  potentially  dangerous  and  no  work  ha*  been  carried 
out  by  MAIE  in  thi*  area  to  date. 

?.  cowcuaiora 

The  ground  teat  method*  presently  used  for  aircraft  DC  clearance  testing  are  Halted  by  the 
proxiaity  of  the  ground  piAne  and  interference  source,  also  some  flight  safety  critical  systems  are 
being  tested  in  a  condition  which  ia  not  representative  of  flight. 

This  paper  ha*  discussed  ths  flight  test  aethoda  that  am  being  developed  lo  compare  flight  and 
ground  test  results  lo  enable  e  core  pree'ao  clearance  to  be  given  and  to  provide  a  factor  to  be  used 
vlth  future  ground  teste  without  compromising  safety.  The  initial  work  with  rotorcraft  ha*  shown 
encouraging  results,  however  aoae  problems  need  to  be  resolved  with  lnalruaentaUon  end  the  flight  teat 
technique  on  fixed  wing  strike  aircraft  before  clearance  testing  using  this  method  can  be  undertaken. 
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U  ptanitr*  jirtia  in  1‘expo* *  «U  coasi crta  4  1'uxinan  its  piraadltcs  it  staulauoa  it 
rtaviroaaaaaal  (eudr*  sal  *o»t  actualWiant  appliques  dint  1*  dosiin*  *4roniutiqut  i  «a  iediquc  tasuila 
'  a  rations  nut  antrtisual  «a  approloadissttani  at  cnc  extension  in  cut  techniques  d'essai*.  Oa  analyse 
let  prineipiux  rdsulutt  nut  alaaaaat  d'tlf*  obtenui  tan  da  canpigncs  I'miti  aa  vol  aur  it  a  avion* 
dlrectaseni  ispietts  pit  4a*  dtcbirge*  in  (oudra  }  aatta,  oa  ibord*  let  consdquancas  4t  cat  aouvollcs 
denotes  «u  plan  4ct  attil*  d'anvirnanttanl  i  li  (oudra  4  taatr  4iat  an  prechc  avenlr. 

i.  mutnt!  ex  jixvuticx  icreutBim  mint! 

Jusqu'4  e*  jour,  ta*  tqulpeaeais  itrcsiullques  aiatl  qua  tat  structure*  d'atronafs  toat  taut*  ou 
qualidts  4  ua  cauitaasaatat  Joudra  suivanl  4«t  procedure*  d'essai*  41ractaaanl  adapties  4a  atiuraa 
adactuta*  aa  prtsance  4a  (oedroiasenlt  *u  tot. 

Cat  aatotex  oal  tit  rtsliitea  dapuit  da  noabrauses  anntes  pit  cattaiaa  labomoirat  tptcUlist*  aa 
Europe  at  tux  Xtiu-UaU  (l,JJ  at  pour  It  plupttl.  alia*  eoatitlaat  aa  das  retests  4a  courtal  da  dtchstgu 
tur  dtt  point*  d’iapxct  4*  (oudro  appreprlti.  Caput*  1P70,  da*  cxpdrlaaca*  toat  rtallitat  aa  Pttaca  (l.tj, 
aux  Xtatt-Uai*  [S]  at  *u  Jspon  ((),  ortca  4  da*  techniques  4a  dteltncbeaant  tttitlcial  da  1*  foudtc  :  cat 
techniques  basis*  aur  la  lanctssnl  4a  pallia*  (uata*  auata*  4'ua  ttl  conductaur  connect#  »u  tol  »oat  tr4* 
edlcacet  at  turtout  paraatlcal  da  s'adranchir  4u  ciracitre  tUuoira  da  1*  toudra  aitutallc  4  U  tot* 
dta*  la  taapt  at  din*  l'oipic*. 

U  couuaautd  ttronauliquc  dlipota  tinti  d'ua  grind  nontra  da  donste*  *ur  la  courtal  da  dicharge 
da  (oudra  at  c'ait  l'cavtloppa  da  Ca*  doaada*  not  *  parnix  da  dtdnlr  at  da  rdtlitct  la*  noyau*  da 
tlnulatloa  utlliad*  aujourd'bui, 

Xtppelons  briteeucnl  la*  diditentt  adc*ni»aa*  alt  ca  jttt  din*  la  ddchirgt  da  (oudra  qui  s'iiaMil 
antra  nuts*  el  tol.  4u  ddpirt,  on  coatldlra  qu'il  axitt*  one  didtrence  da  potential  da  l'ordtt  da  10*V 
antra  la  sol  at  la  suit*  dlcclrisd  i  call*  diddraaca  da  potential  conduit  4  ua*  distribution  da  cliinp 
tlactriqao  donl  li  atlaur  paut  ttlaiadra  lO’tr.i"'  tvs  tol  tl  qealque*  lO’Y.a*'  4  1‘iotdriaur  4u  nu»4*. 
C'ait  prdciidnanl  lorsque  w  chasp  ittalat  an  ua  tndroit  donad  du  nillau  nuageux  una  atlaur  critique 
qu'uaa  dtcbirge  cat  ini  tide  pait  paut  **  propager  vart  la  tot. 

Coax*  1'iadiqut  la  ackdsi  da  la  dgure  4,  catta  dicharge  "prtcurscur*  progresse  pir  bonds, 
typiqucaaat  da  I'ordra  da  50  s,  4  uaa  vitas**  aixiailt  da  lO'as*1  ;  lorsque  call*  dttharge  pxraiaat  *u 
eoisinaga  du  sol  alia  induil  use  autre  dtcbirge  do  poltrild  iaverta  ca  proaentaca  du  tol  ;  la*  deux 
dtcbirge*  vest  ta  coanacter  at  liasi  dtiblir  ua  court-circuit  aatta  la  nuage  at  la  sol  j  c'ait  4  cat 
lnsttat  qu'ippartit  dint  la  ctnil  prdsUblasaal  (ortd  use  dicharge  extrdscncat  aioleat*  qua  l'oa  appall? 
“onde  da  relour"  at  qui  corr*sps*4  4  It  preaidre  input* ion  mjaura  du  course!  da  (oudra. 

4prd*  ua  tenp*  d'tltcal*  qui  paut  durat  plusieucs  disiUts  da  as,  una  saconda  ddcbsrga 
“prdcuritur"  a'dtablit  tan  gdndnl  catta  sacoada  ddebirge  at  las  sui**ntes  oat  uaa  prograssioa  continue  at 
trds  rtpida)  coaduistat  4  uaa  sacoada  "onde  da  relour"  tl  par  consdqucnt  4  uaa  sacoada  tapulsion  da 
couraat.  Taat  qua  la  autga  n'ast  pis  cosplllasaat  ddcbirgd,  da  tals  processus  sa  rdpltent.  stcbsnt 
qu'aatra  daux  ixpulsioas  da  couraat,  paut  s'dtiblir  ua  r4gina  da  couraat  ptrunaat  dost  I'asplituda 
attaint  10*4. 

Us  didtreates  “onda*  da  retour"  seal  visibles  sur  1*  photograph!*  da  la  (igur*  2  rtprdsaauot  ua 
(oudrolaasat  ddcltncbi  artldcielleaaat  sur  ua*  itructur*  d'itudo  tu  tol  t  1*  tone  blsacba  at  di(iu*e 
correspond  tu  ptsaiga  i'vt  couraat  pertinent, 

4  titr*  d'exeapl*  on  donna  tur  1*  dgure  1  l'ond#  da  courtat  obteaue  lor*  d'un  (oudroiexaet 
ddclencbt  rtallut  uux  ttits-Unis  as  1911  ;  l'dcbelle  du  biut  parsat  da  suivra  Involution  du  courtnt 
paras.sest  qui  dan*  le  eia  prtsent  dura  plus  da  700  it  at  dost  raiplitudt  attaint  100  4  ;  l'debelle  du  bta 
indiqut  las  iapultiom  d'-onda  do  retour"  qui  pauvaat  partoia  st  suparpo. er  4  1*  coaposant*  continue  ;  on 
nota  qua  1*  prenitre  inpultion  attaiat  id  pratiquaaaat  <0000  4. 

Cast  4  pirtir  da  ca*  donates  qua  la  cosaunaule  tirontutique  a  dtfini  uaa  "agression  noraalista" 
devint  ttr*  appliqut*  aa  etsals  d'enviroaactaat. 

S'agissint  jusgu'4  mintenint  d'tvions  4  structure  essaatiellaiaat  nttalllqu*  at  ditpostnt 
d'tquipaaants  tlactroniqua*  jugta  pau  aulnirtblet  tux  diets  tlactroiignttiques,  l'"agressioa  aormolUte" 
t  au  pour  objectit  principal  da  raptisenter  correctenent  las  ondes  de  ratour  et  las  cosposmtes 
perslsttntts  de  It  dtcbtrge,  c'e*t-i-dire  let  procettut  tuergitiques  du  pbtaotina  ;  il  t'tgit  ta  a((et  de 
viridtr,  antra  autrei.  It  taaua  ltcanique  det  tlteents  de  structuro,  la  coaporteaent  das  rtsarvoirt  de 
ctrbunat,  at  It  vulndrabllitt  det  tquipeteats  externa*  (7). 


Kin  d'fttablir  des  cotdliloat  d'ctiait  dosnsnt  des  ursti  de  pmali*  euitiitAW*.  rtgrtstioa 
siaulftt,  correspond  4  an  e»«  it  ioudruWatai  aajerant  relev*  dan*  1  b  itt  cat  0)  V  de*  cat  de 
icudroicatst  ttctsilt  seat  done  court tl«  par  let  tittis).  Use  (orst  d’ondt  approcMv  etl  calls  donate  tat 
it  figure  4  :  tilt  it  cot pots  t 

•  d'ant  pretiftre  InpuWion  dftfiaie  p»t  let  petals  4tCDE,  donl  It  Valter  erftle  til  d*  S.10’4  «l  dost 
riatftgrslt  d'tcUoa  J  l*dt  «  l.U'l'.i  sit  surloul  toutnle  per  It  phtte  CO  : 

•  d'ant  conpottott  ptrtltltau  t4  de  ttlear  aoytaae  400  X  tt  corrttpeadaal  1  tntlron  100  C  ; 

•  d'ant  teconde  Itpaltlon  d4ilaie  pit  1st  polntt  rxtlt  donl  la  valtur  critt  etl  dt  1.10*1. 

Platieur*  laberateirts  dtat  It  tends  teal  ftguipftt  de  gftairittura  dt  puissance  cal  peratUtat- 
d'attattr  I'apteltiea  dt  It  ligate  4, 

Ctpeadtal,  depait  pea.  tppttaUteat  de  aouveaux  ptojet*  d'tvioas  oa  d'hftliceptftttt  oft  let 
earactftristiqeet  de  bits  gui  oal  4td  tlgatltts  plat  btai  at  tool  plat  mitt.  4  tttoir  i 

•  Itt  tltactartt  dtt  tlrontit  dt  It  proebtiat  «4o4r*ttoa  seroat  dt  plat  ta  plat  tabrlqu4es  4  pttllr  de 
aatlritux  cetpotiut  4s  type  k*»lar.  cotpoiiie  cirboas,  sic...  et  etd  dtat  Is  bat  da  ptsaer  ea  attts  el 
ea  periomaact  4  lease  tftetaigue  ftquivsleate  ; 

-  l'41eciroaigu«  de  bord  deeieal  aoa  tealeteal  plat  sophistiquftc  alls  deviant  4gale*eat  tittle  tor  It  pita 
dt  It  tlearild  dtt  volt  i  I'tietplt  It  plat  sigaliicaiit  ttl  ctlai  det  coaatadet  dt  vol  4ltctrlqv«x.  Ptr 
tiUtati.  ta  rtitoa  dt  l'4volallea  dtt  cosponait  atilitlt.  let  41ecuoalquex  de  bord  s'av4reat  betacaap 
plat  valalrtblet  tax  iattraclioai  4taetretaga4tipu«t  pirtiltti. 

let  aeyecs  de  protectloa  4  attire  ea  otavre  tar  let  tiroaeit  aodtratt  tt  Itt  aoyeat  d't'/ttit 
d'taviroaaettat  4  It  (sadrt  roar  let  qualifier  aictssltiat  l'tpproioaditstaeat  de  It  coaatitttact  de  U 
aeotce  et  tartost  It  priie  ta  coaptt  de  tout  let  tipecti  do  cctte  acatce  tt  ptt  teeleatal  etlai  da  eoartnt 
direct  dt  It  dicbirgt. 


l.  L'lrriucTioN  rouou  mom 

II  til  cltir  eat  It  bat  iiatl  4  tlttladrt  dtat  aa  preprints  dt  qualification  ett  dt  t'tttartc  da 
bon  ioocllonacatnt  det  dquipeteait  enbatquts  it  etci  avtc  uae  targe  dt  t4curit4  suiiisaote.  Pour  trrieer  4 
cent  tatlyit  dt  vuln4rabillt4,  plutitart  4ttpet  tom  4  irtnebir  ;  de  ataidre  trdt  toaatlrt,  etttyoot  dt 
ddilair  eti  4ltptt  eacceitivtt  i 

t)  II  s'tpil  lout  d'tbord  dt  ctrtctdrlter  1'tortttion  ioadre  cclle-ci  devtal  4tte  txprlade  aoa  ttuleatnt 
ta  tern  dt  counat  dt  dlchtrpt.  alii  4ptleatal  ta  ttrae  dt  cbasps  41tclroetgn*Uquca  ;  cotae  l'iadiput  It 
tebiat  dt  It  iipurt  S,  l'tironti  ptut  ta  tiitt  4trt  tosait  : 

•  toit  4  aa  (oadroitaeat  dirtcl,  It  coanat  trtvtrte  tlort  la  ttracturt  talrt  on  point  d'tntrit  tt  an  toa 
platieart)  pointlii  de  tortie, 

-  toit  4  aa  ioadroitnent  de  proxlaiti,  l'tvioa  ett  tlort  uniqueatnt  aiitcU  ptr  It  ebaap  41ectroaapn4tlpae 
de  le  ddcbtrpe. 

Depait  quclqucx  tnniet,  plutieurt  proprtaaet  iaportasts  de  rtebercbet  tar  It  ioadre  tont  aen4t  dans  le 
aonde  ;  ilt  ent  tpportd  dt  aoavellet  conntistincet  de  bite  ot  cn  pirtieslier  dann  le  dostine  du 
rayonneaent  ftlcciroaagnillquts  det  diebtrpet  (1,1.10). 

b)  Le  teconde  dttpe  coniine  4  ddteraiaer  (iipurt  ft)  le  "probl4ae  externa"  de  l'tvion  put  correspond  4  It 
distribution  det  cosposintec  dlectrique  et  aapnitique  (te,  Re!  du  cbttp  ear  tt  structure  ;  dins  It  css 
d'un  toadroieaent  de  proxlaitd,  tt  tt  Re  sont  les  ebsapt  indults  psr  le  rnyonr.eacnt  dft  4  lit)  ;  dsns  le 
cat  d'un  (oadroieneat  direct,  Re  tern  dft  essential lestnt  ta  eoartnt  de  dftchargc  et  te  act  vcriitlont  dt 
pottotiel  de  l'tironei.  tn  ellet,  l'tvion  ftttat  sivud  entro  det  sources  doat  It  di!  (4rcr.ce  de  potentiel 

atteist  lO'V.  oo  peat  logiquesenl  adaettre  de  princes  variations  des  tomes  te  ou  te  aur  In  structure 
pendant  la  phut  de  connexion  do  1'arc  dlectrique.  Ji  l'on  connait  les  principtles  proprifttds  d'une 
ddcbargt  de  ioadre,  l'lpplication  de  codes  nutirique*  tridiaensinnnelt  peraet  ea  tbftorie  de  rfttoudre  le 
"problftne  extern*"  tar  des  structures  complexes  d'sironeit  (11-11).  Ptr  tilleurt,  l'objectii  principal  det 
progresses  de  aesures  sur  avlons  pat  seroat  prdsentit  aa  parsprtphe  1  a  port4  tur  la  dftteraination 
er^iriaentale  de  ee  "problftne  extern*"  de  iapon  4  pouvoir  corrftler  concrftteaent,  en  prfttence  de 
ioadrolenentt  rfttlt,  le  courant  de  d4cbarpe  et  les  cbiapt  ftlectrouapnfttipues  sur  Is  structure. 

c)  La  troistftae  fttape  vise  4  snnlyser  lo  "problftne  interne",  c'est-4-dire  4  dftterainer  la  distribution  des 
coaposeates  Ei  et  Ri  du  chsap  ftlectrosspnitique  4  l'intftrieur  du  iuselige  de  l'sftronet  ;  cctte 
distribution  ptut  4tre  obteauo  psr  l'application  dt  4iverses  (oncrioas  de  transiert  T  teller  put  : 

(Hi,  Ei)  «  T  «  (He,  Ee) 

Ces  ionctions  de  transiert  correspondent  4  des  ufciniines  de  pftnfttrstion  du  cheep  ftlectroaspnfttipue  soit 
par  ditiusion,  soil  par  les  ouvertnrca  ftlectroaapnfttipues  erfttes  par  diilftrents  ftlftaents  de  la  structure. 
Les  proprifttfts  de  ces  diilftrents  ftlftaents  dt  structure  cost  ftvidenaent  esneotielles  pour  l'snslyse  du 
couplspe. 

4  titre  d'Ulastration,  on  a  indipuft  sur  Is  figure  i,  les  effete  de  ces  sftesnisaes  de  rouplsge 
ftlectrosipnftttpue  sur  uae  structure  ;  il  s'apit  de  rftsultats  obtenus  price  >  une  experience  trfts  iiaple  de 
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laboratoire  i  one  atqoette  cyiladrique  ea  tlvxlaiu*  pcitide  net  tiwUn  ctrrdn  it  29  as  de  c4l4  qvi  (tot 
due,  toil  ltiside  ovveru.  ton  ferade  p»r  va  capotage  xduiliqot  visit  :  va  e4ble-teti  *it  ditpotd 
axitlemoat  i  I’intdrieor  it  it  aaquett*  ct  «it  connect*,  dlettciqueacnt  m  deux  (laiquet  mitxi  it  it 
taqveite  cyiladrique.  Os  xeivre  globalceent  l«t  perturbations  induitei  par  rearcgistteaeat  4a  cevrtnt  4« 
court-circuit  aifecttnt  an  clblt-ieit.  1'exeltttion  4t  1*  Seattle  cm  erdde  ptr  it  ddcbitge  4'aa 
condens'tleur  dennant  va  covrtnl  I(t)4«  typo  bi-expoaeMitl  me  on  Maps  de  eoalde  4*  10  at  el  ua«  vtltvr 
crdte  4e  qvelquet  10*4.  Ovvertvr*  (trade.  I*  eoortat  pttttiie  tor  le  cdble  <ti  4'uae  pm  it  (tittle 
amplitude  atit  dgaleaent  4t  leapt  4e  aoatde  tm:  leap  t  ti  t'agil  iei  4’ua  adctai»t  it  ccvpltce  ptr 
dilution  agisatal  e«aae  va  (ill:*  piise-btt  deal  it  eoatltaie  it  leapt  etl  it  coattiate  4*  dlttoiiea  do 
atldritu  110  t<t  poor  1  am  d'tleaisiea).  Coverture  litre,  ea  eatcgistre  one  perturbation  betvcoop  plot 
ixportaate  (l'iaplitvdi  alteiat  iei  ISO  all,  me  va  utps  4e  aeatde  ideatlqv*  4  eelvi  4«  l'tptettioa  (ptt 
do  (iltrage)  1  oa  note  ivtti  I'apparilioa  4'va  tigntl  osclllatolre  ptrttll*  pel  correspond  1  la  rdtoaaace 
4*  la  mvetvre.  la  changeant  la  potiliea  4v  tlble  toil,  4  l'iatdrleur  4v  cylialte  et  on  l'tpproehaat  4* 
I'cavorist*.  ea  pevi  tueindr*  dot  aedvliiieat  etcillatoiret  do  covrtnl  ddpasstat  1  4  erdw  4  crdte. 

Toujour*  1  litre  d'exotple.  oa  dbnae  tor  la  figure  1  va  r4ioliai  it  aotvrtt  4e  eovplage  dlecuoaigadtlqve 
ptr  coverture,  eblene  tor  avion  «a  vol  pendant  va  (avdroieaeai.  II  t'agil,  poor  eet  exeaple,  4‘vnt 
oevetture  eirevlaire  de  II  ea  do  diaadtre  :  devx  ctpieurt  aetvreai  reipecliveaeal  le  cheap  aagndtlque 
exterae  Xe  et  le  cheap  aagndlique  iaierne  XI  dtat  l'txe  4e  l'ovtertvre  1  SO  ea  de  celle-ci. 

Oa  reaarque,  eoaae  poor  1‘expdrWace  de  lihoratoit*,  d’vne  part  qve  Xe  et  XI  oal  la  nine  (orae  4'oade. 
d'avtre  ptrt  eve  avperposdes  4  l'Upeliion  glebale,  oa  veil  apptrtiire  de*  oseillatiaat  caractdriitiqeea 
de  la  ritoataer  do  fuselage  de  1'avioa.  Otnt  le  eat  prdcit  de  la  tievre  7,  la  tonctioa  de  tranifert  T  du 
ccvpiage  eit  dgtle  4  1/39. 


4)  Pntln,  It  derai4re  dupe  vise,  eoaatitttal  let  dlttribullont  iateraet  Hi  el  XI.  4  ddieraiaer  lea 
perturbations  tvteepiiblee  4‘t((eeicr  let  dquipeaent*  de  bord.  Cet  ddleraiatlioat  toal  reeberebdet  4 
ptrlir  det  dqvations  de  ligne.  I'agression  (ietle  <ttnt  reprdteatde  par  le  eovraal  it  court-circuit  lee  ou 
la  tvnsioa  de  circuit  uivert  »()  t((e«Uat  l'dquipeaent.  I  litre  4‘excaple.  on  extalae  atiaieatal  va  cat 
rdel  obtervd  ea  vol  ea  prdataee  de  (oudroieaeat  ;  la  configuration  vlilitde  correspond  4  on  elblo 
courl-cireuitd  placd  dtat  le  fuselage  de  1‘avion  4  SO  ca  de  rouverture  ddj4  tignalde  prdeddexaeat.  On 
ditpoae  ici  det  teturts  det  deux  coapotaales  Xe  el  He  du  ebavp  dlcclrosagndtique  vxterne  4  proxiaitd  de 
1‘ouverture  ainxl  que  de  eelle  do  covrtnl  lec  trsveriaat  le  clble.  lex  rdtullau  obteaus  lots  d‘va 
(oudroieaeat  direct  de  1'avlon  tool  prdteatdt  tur  la  (igure  I.  let  courbes  (a)  et  (b)  correapondeat  tux 
variitioax  det  para»4lret  Xe  et  Xe  enregitirdx  eur  uae  pdriode  de  100  ps  :  la  courbe  (cl  qul  (ourait  le 
covraai  de  court-circuit  tor  la  ligae  aoatre  qua  cclui-ci  a  une  (orao  d'onde  tr(t  voitlrv  de  Xe. 

Cette  xiailitude  peut  dire  ddaoalrde  thdoriqueaent  i  ea  e((et,  on  salt  qu'en  prdteace  d'ouverturea  de 
petitet  dlaeatioat,  la  valeur  de  lec  eit  calculable  4  partir  de  la  tbdorie  det  dipilee  dquivaleati.  Cette 
tbdorie  doaae  la  source  de  tension  dquivaleate  V  et  It  toarc*  de  couranl  dquivalent  I4<  aiatl  quo  let 
inductances  et  ctpacitaacet  dqulvalentet  et  Ca1  lidet  4  It  coafiguratioa  ouverture-ligne.  On  a  (14]  : 


a  et  oa  sont  retpectivexeat  let  polarisabilitds  dleetriquo  et  eagadtique  de  l'ouverturo  do  rayon  *(  ;  d 
eat  la  distance  eatre  la  ligne  et  la  paroi.  X  etc  la  plus  petite  distance  entre  It  ligne  et  l'ouverture.Z< 
et  Zf  tont  respecliveaeat  l'iipddince  d'onde  et  I'iipddtnce  ctrtetdriitique  de  It  ligne.  Pour  une  ligne  ea 
court-circuit  X  peut  dtre  ndgligi  <*evant  et  oa  a  ptr  consdquent  : 


L  est  l'inductance  de  la  ligne  ;  on  reaarque  que  Ice  est  biea  proportionnel  4  le  cosposinte  eagndtique 
Be. 


4vec  a 


•  .  ice 

- ,  on  calcule  tins!  :  —  ■  l,4.10°a 

3  Be 


Pour  It*  iapultlos*  (21  *t  (1)  de  U  dear*  1.  eo  obtiui  let  Ntuluii  tuirtnt*  i 


tspulsios* 

be  14.*-') 

lee  (41 
ctlctld 

lee  (4) 
nested 

2 

msm 

i,1 

msm 

2 

mm 
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U  conpartitoa  da*  rtleer*  4c  Ice  neturde*  at  etlcuWt*  persal  tlstl  dt  ralldtr  I'appllcitlon  (a  nodllt 
i,t  -4 ipolc*  (quiraltntf  poor  sat  ouwlur*  (a  patile  question.  lignites*  (gslexel  qu'an  rdgl*  s<a(r*l* 
ta  s*  past  M>  ill*  o(?lig(,  t'axanpla  cU4  a'dtanl  <»’«»  «i  pirltealiir  oO  la  lltictiit  aal  as 
eouri*eiceult. 

L'exttan  (a  I’isiettclion  (oudre*irieo  cat  riant  d’dra  soMtimtol  tbor 44,  utut  I  r(rid«#ee  sac  i'aa 
(at  tea*  presiett  *»peet*  4  txtniner  e*t  celot  da  “problitc  externa*  :  c«  “prcbXs*  extern**  at  peul  4lta 
que  pattiallexenl  tbordi  *1  l'oa  t'a#  liaat  ta*  cirietdristiques  da*  (oudrolenenu,  d(ieet(i  ta  tol, 
c*ux*ci  a*  desntni  qu'uae  inlerniiien  lid*  tax  os 4a*  da  rttaar. 

U  coaaiissttce  coepld!*  da*  tor***  d'esdtt  lids*  i  J<  tl  I  lc  pour  at  avion  «a  vol  suppose  taccaailaaaaat 
I'tnalyie  da*  pbdnotdsu*  114*  4  It  connection  da  It  ddcbtrge  tatc  la  tutelar*,  call*  da*  pbdnotdne* 
astoeU*  tax  ddebarga*  dita*  inlrfnuig**  dose  a«  pctstal  pt*  as  c tuple  t'iattacaca  da  tot  at  anils  call*, 
bias  antasda.  dat  phiaotlae*  titocU*  tax  ddebarga*  neage-tol.  Jujqu'aa  1110,  tacant  denol*  tar  talon 
n'dltit  dispoaiblt  ;  depalx.  uoit  prograxtc*  lxporttnt*  tar  ta*  inlarteilon*  toudra-trion  oal  (id 
antraprl*  an  ruse*  [11-17]  at  ta*  EtttfOai*  [17-30]. 

L'objat  da  prochain  paragraphs  ail  da  donstr  an  tpargu  da*  principtox  rdtaluit  ebtanus  ta  coart  da  cat 
proerttat*  da  rtcherchts  at  da  nosttar  rerieatalion  cat  datrtit  prandr*  tat  noaactax  noytat  d'asttit 
d'anaironneatni  t  It  feudrt  4  ptrllr  da  1110  «o*  ca  toil  poor  let  t(roe*(t  da  It  noaaalta  gdndrtlico  ou 
caa  ca  toll  poar  la*  ltserurt  oa  trios*  «;ttiaax. 


3.  cmamiTiwu  c u  roustoimxri  oimm  n  vol 

En  rrtsea,  platieur*  caapigsts  d'etttit  oat  (id  ailaclutts  tar  un  trlon  Trtnstll  tree  ecus 
objtcllls  ttitmlelt  let  natural  dat  eonpoitnlat  t*  at  Pa  alsii  cut  callst  det  eoartnit  da  dlehtrg* 
[tt.nj. 

4ux  Elata-Usit,  deux  progranne*  ont  (Id  ait  an  plica  ; 

-  }a  prtaitr  par  It  H434  4  ptrllr  da  till  tree  un  trlon  da  type  rt0(  ;  pour  dt*  d(ttllt  tar 
1‘initruxentation  da  l'trios  tl  sur  la*  object!!*  da  l'dtude.  la  laetaur  pourrt  x*  reporter  tu  docuatnt 

tl»). 

-  J*  second  par  1’USir  at  It  ru  4  ptrllr  dt  1114  tree  un  trios  da  lypt  COXVAll  CV  110  j  I'OHEtt  a  (id 
sstocid  4  ca  progrtnnt  as  1111  das*  1*  but  da  proeddar.  tree  ta*  propra*  noycs*  da  nature.  4  It 
dderninmlon  da*  chup*  axiarna*  [11,20], 

Tout  cat  progranne*  oat,  dt  Itil,  tuirl  It  ads*  dtsircbe  : 

a)  lanlar  da  eontlrsar  la*  partsdre*  tstocids  tux  osda*  da  rtlour  qui  paurest  toujour*  dr*  con*id(ris 
coue  atjaur*  pour  It  sdurild  da*  trlons, 

b)  tpprocbtr  let  allals  ipdellique*  eorrciposdiat  4  la  pbtst  d'alltcbtaenl  da  1‘trc  tur  It  ttructur*. 

e)  extainar  las  eosditiost  crilicue*  du  cbiap  dlectrlcue  ttnotphdricu*  qui  cosduisent  4  l'd»hll*!*tr*'  dr 
It  ddchargt  da  (oudra  sur  I'tirusel. 


1.1.  Hc»»ta».ObUiiutJ_tur_l-,trl9ii_T4A!j?MA 

La  systdse  da  at*ura  ulilltd  tur  1 ‘trios  Trasitll  e*t  raprdiaotd  sur  la  scbdnt  da  It  itgure  1.  On 
y  diitisgua  cinq  captaurs  dt  chtnp  (leetrottitiqua  destisds  4  eosstilr*  las  condition*  critique*  da 
ddeleichtaant  tinsi  qua  1*  ultur  du  potential  (leetrlqua  dt  l'trios  tu  noted  dt  l'iapact  dt  It  foudrt, 
deux  eaptaur*  da  eourant  da  ddcbtrge  1'un  (tint  plac(  tur  us*  preside  pareba  titude  4  I'arant  de 
l'tpparail,  la  second  tur  It  itcond*  pareba  pltcde  1  l'trrilrt,  aniia  2  eaptaur*  pltc(s  4  l'trtnt,  tur  la 
luceltge  de  1‘arion,  pernetttnt  da  tesurer  let  coapostnttt  (leclriqut  at  ntgndtiqu*  externa*  du  ebtap. 
Celt*  installation  t  (t(  considirtbleatot  cospldtde  lors  dt  It  ettpign*  1111. 

La  Trtnstll  t  *iltciu(  cet  rols  d'esstit  1  det  tlliludes  lypiquaxent  coaprises  entre  O'C  et 
-  10'C.  On  dispose  ictuellenest  d'inlornitiosi  sur  use  cinquinttise  de  dielencbesestt  de  loudr*  dont  10  en 
1114. 


Un  rdsulut  typique  obtesu  tree  un  ctpteur  de  cbttp  He  externa  ett  doss(  sur  It  figure  10.  Cet 
(rdnexent  t  (t(  obtervd  la  7  juin  1114,  1'altitude  de  l'arion  (tail  de  1100  s  et  It  tespdrtture  txKriaur* 
de  -  10‘C. 

On  observe  sur  la  eourbe  (a)  qua  le  signal  He  ett  essentiellesent  coxposd  d'ispulsloss  pendant  use 
piriode  de  qutlqutt  centtinet  dt  nt.  Pour  pntiqueaent  toutet  le*  sesurts,  la  (orse  d'esde  du  parasitre  He 


rbt 

cooptead  ea  preaitr  tesla  d'Upuliloa*  (t)  peadsat  sa  lesp*  caspris  tall*  !  *1  i  *»  io*l  Vssplllud*  tf dl* 
4  trdte  SBpxeaU  4a  qu*l«s*i  *.»**  Jusqu'd  300  4.»*'  :  tt  ptcsitr  ttsla  Bit  qdsdfslescot  ««!»l 
4'ispulsloas  Isolde*  (3),  (JJ  tuc  dt»  iaumlltj  4b  wjj  coUo  10  Bt  100  as. 

L*  ceurte  (h)  iadiqs*.  srec  pis*  4<  4dt*i».  l«i  <  *r*eUsi*tlqu*s  4b*  ispulsioss  *«  p«t4«t  1*« 
4esx  prcaidre*  **.  Us  intBiBiUn  4*  ten*  estr*  <*?ultle*»  ae  seal  pss  leujeur*  mum*  *»  <«  tit 
rental  adsascin*  4b  »(b*  ordre  qraadecr,  4  suatr  eatre  100  e;  100  w  t  sped*  title  phsse.  oa  *h*>ne 
qindrsUsesi  bab  ddcroissitct  4b  cet  iattrvsU*  qsl  pm  stteUdr*  «««  »»l*or  aiaiosl*  4'tsYires  30  t*». 
lien  bbc  aaa  reprdseatdes  ««r  cettB  ilsure,  on  alum  <«*  ispulsieas  it  thi?  dlcctriqee  t*  Identic*** 
tux  ls?«liUa*  x«  tie*  4<ux  dust  p«f(*ii<*<st  systhresiidesl.  Us  Ysleut*  crdle  4  erdt*  4b  H 
tc  restest  tcasihlescot  c«a»U*1«*  pe*4m  lout*  1*  dorde  4b  UliO,  STBC  BAB  YSlcSr  SOyeAAC  4«  100  1Y /». 

U  COUtbe  (C)  MAltC  BAS  UpBlSiOA  X«  1|«14b  Petdssl  BAB  pdrledf  4b  I'Otdl*  4b  1.4  **4  J  1c  IB*PS 
it  soolde  4b  l'ispalsioa  vsl  4'«*virea  10*'*  it  e»  rtiitti  sab  oscillation  pendant  1*  phase  4b 

telsxstios  4b  IMapulslea  t  I*  4<»l-p4rle4e  4«  cc*  oselUsiloa*  b»i  ici  ysIiIab  4«  1.40.10*’*  »*lBsr 
correspondent  4  1*  preaidre  rdseassce  4b  iBseltpe  4b  Trsastll. 

U  nlnr  usxiasle  4b  riapulsioo  Xb  «*t  4b  340  4/n  ;  *1  abb*  eensldircst,  dans  e«*  conditions, 
bib  4ba*1U  4b  c«sr*Al  «ai(er»c  citesr  4b  ts*el*;e  4*a»  I*  ion*  4'ispJsamlen  4b  espicsr  raspUtsde 
CorrB*?C»4*8le  it  Mortal  *tr*il  4c  4.4  U.  Xtea  que  It*  pussducs  *B  «t  t*  latest  tsscatiel*  pBBt 
l'caslyse  4b  mbpIssb  dleclre*sselilqsc  sir  sties,  es  nit  qa'il  tit  ispartsat  4'ohunlr  4b*  ioiorastioos 
sussi  prdcise*  i)bc  poulkls  sur  its  tet*«*  4’caie  4a  caursni  4«  ddchsrqe. 

On  rcpfcllc  qse  4*a*  s»  eoaileornloa  4’essals,  l‘»»lea  Tr»*illl  cst  4<;sip4  4c  3  ycttUi  4s  <  *  4t 
lOAjBBBr  (i*4ci  car  1*  r*4e»*  <t  isr  1*  rutfi  irritrc  4<  l'*;s*rcll.  Ua  cUai  rOcUtlt  c*t  pl*c4  catrc 
<k*BB*  perch*  Bt  1*  itrsctstc.  C*ttB  ccAtlsBrctiaa  eertcipA a4  4  U  iitauUa  1*  plv»  <*tor»hla  pear 
rotate  4ct  cBarcnu  4b  4<ch*rce  paiicst  lc*  extrOsitit  4b  cc*  pcrchc*  ceat.  1*  plaput  4a  teas*.  )«* 
abac*  4‘altcchcACAt  it  l’*re  41c:lfic*t.  Xcb*  abbi  likltBA*  4  1*  pritBAUtioA  4‘ba«  *bb1b  tot**  4'ea4c 
ctrlcAB*  *b  co«rs  4b  *al  4b  3)  jai*  13U  t  ettta  terse  cst  typtaac  4t  toatc*  ccllc*  cal  eat  4l4  otjcrvtc* 
4ar*At  lc*  tilili.  S»r  1*  tiyurB  11,  U*  cearU*  <*)  el  U>  4osacat,  pba4*ai  1b  »0ab  tniervallB  4b  uap*. 
rOYBlattSA  4bs  ccarsat*  carcsUtrt*  sur  1*  pBrcha  *u«t  tta)  *1  lur  1*  pircht  srriir*  (1,).  Us  polsrilOt 
4*  Cb*  4t«x  coarsats  IniicBCAl  ua  paint  4’baU<b  4  1'srrUr*  4s  I’sppstBil  Bt  ba  poiat  4B  sortia  ssr  It 
rsdOAB. 


PcAtial  bob  prsaiOr*  plriats  4b  130  m,  «a  observe  4t»  ivolutioss  i4catiques  poor  les  4eux 
coarsats  j  su  44psrt,  «a  sccraiisescBt  tr4*  rspi4«  4t  I'tiplitaCe  4a  courtat  4  *st  suiti  ptr  uae  phstt  4« 
coarsat  perasaeBt  &  coaparlsat  4*t  ispalsioat  isoUe*  C  :  Ba  coostit*  ana  iapalstoa  iaporltat*  0  44l«ct4* 
pir  lc*  3  esptear*.  L'srrlt  4u  coarsat  1(  ta  t  ast  sttribuO  I  as  pbtooaOae  4'src  hslsysat  antr* 
l'cxtrtilti  4*  1*  percbe  at  1*  (usclsp*  sins  soditicstlaa  4a  sIsbiI  I,,  lei  vslesrt  crita*  poor  I(  at  1, 

soat  soptricarcs  4  3.10’X  at  1*  tslcar  4s  1*  coapossatc  caatiao*  tst  d'*a*iroa  100  4. 

Mr  lnUgrsiloa*  jueccs*i»cs  4a  lt  at  1(  oa  obueal  i 
-  faor  1,  t  Q  •  1»  C  at  [  i*4l  «  4.4  10’ 4*.* 


-  Pour  lf  !  0  *  30  C  et  J  l*4l  •  4.1  10*4' .* 

U  courbc  tc)  4oaaa  1*  4it*il  4a  Is  soa«  4  t  oa  roil  clsirascot  apparatus  so  trslo  4'iopclsioat 
peadsat  environ  1  a*  ;  aprta  cttie  :on*.  la  ceoraat  dcricat  csseatiBllcueot  coostsat  sbbc  4bs  ispalsioas 
Isoldes  4e  (siblt  sapllta4«. 

U  ddaarrsge  4a  train  4'iapalsions  est  carreetcscol  Bisusiisd.  war  lc*  deux  courbss  (d)  et  (a) 
peadsat  use  pdriode  de  leaps  dc  4  is  j  les  iipalsioas  carreapoadsates  de  I,  et  I,  tool  Bussi-identiques. 
Deux  phases  csrsctdristicBB*  peuveat  aioai  itre  aist*  ta  iridtace  : 


*  oat  pre*14re  phsse  1.  o4  let  iapylsiaas  soat  sdptrdci  per  del  ioUrrillci  de  teapi  ooa  rdgolieri  et  oA 
tocaae  coapaisate  perosaeate  o'eat  oil*  ea  dvideace. 

•  one  iecor.de  phue  3  corrtipoodsat  su  ddssrrsga  dc  Is  cotpostate  perssacot*  qui  croit  rdjolidrcscat  srec 
It  tespi  ;  lei  iapoltioai  locceuiTti  loat  idpirdei  pir  4ci  iotemtlei  de  teipi  4  pea  prds  dgtux. 

Kobi  illoai  soatrer  qua  cei  ciractdriitiquei  tone  4qi)eieat  ohieredu  ivr  la  CY  510  de  1'UtXr. 


1.3.  iieiom  obier>det_ior  l’seioa  cv  5»o 

h'ioitruaentatloo  de  1'irioa  CY  510  (I3J  est  ichdiatiqoeseot  reprdieotdr  tur  It  tlqure  13  ;  oa 
dispose  de  4  ceptcurs  de  courent  iastsllds  *o  extrdaitds  d'alles,  sur  le  hsut  de  ddriee  et  sur  Is  pirtie 
arridre,  de  plusleun  espteors  [a  at  Ee  et  de  ctpteur*  dc  type  catenae  VK T  at  Hr,  cctte  deraUre 
penattaat  de  sutere  la  potentiel  instsatsod  4*  l'svioa. 

Les  Bxpdrieoct*  etteetudes  sur  la  CY  540  oat  donnd  de  aoahreux  rdsultsts  ;  nous  aliens  liaiter 
notre  presentation  4  quelques  donndes  spdcitiquei  eoneernsnt  esscntlelleaent  Is  phsse  d'atticheaent  4a 
l'src  dlectriqoe  sur  Is  structure  de  l'seion. 


SasUJUliJteJJisi^ 

U»  umo  cbtiMit  »««c  U  CY  St9  (nnuttat  i'KmttUr  ttst  aokirultX  U  micro  eorrXlatiea 
nslte  It)  hpoleiooe  Xt  tt  I  okserriea  tat  l’ttiaa  Trtneall.  Catla  eorrXlatiea  appirait  cltireoeoi  tat  \r. 
((sate  1).  Celia  tlgsre  corrcejosi  1  an  (oadreictenl  tar  l‘a*io»  X  ana  tUUedt  de  14444  piadt  foot  ana 
tetpXtilure  niititut  4a  0*C.  I'ltliektKii  it  oml  It  dXckerge  i’tullli  tar  U  tailor*  its  He  at  la 
lent  4'cada  eeapUta  it  c«  coorant  1,.  «ti  dcasXa  par  It  court*  (a)  j  oa  consult  via  1*  4»rX«  4a 
pktaoaXoe  atl  4*»otltoa  104  at  <l  cat  celt*  teraa  d'eode  atl  cantlliwXa  4*as«  eo»poi»M*  parttaeatt  1 
iHttllt  it  sopcrpoteai  det  itpuliioni,  L'intXgmioa  4«  et  tigaal  p«Mt  d«  ctlcaltr  oat  ckue* 
Mtwliiit  4t  144  C» 

Ut  coatkea  (e)  tt  ik)  acaUeal  ea  diuil  let  ioraet  4'ondet  |(>  «t  i(a>  terteapendaai  »**  1 
tmlirei  at  it  la  stcsesca.  U  lula  4'Upultient  4v  chan?  XltmoaagaXlicao  «tl  tool  1  (tit  ttakUkl*  l 
ctlai  dXtaetX  tar  1*  Traotall,  4t  »X*e  cat  pear  It  covrtal.  Non*  meelou  dose  taat  ttklteilX  l«t 
itptltioat  auecerrltea  4a  ckatp  cl  4a  eeartat  pendant  talla  pkata  4t  l’Xclair. 

SsXKSJU^JJlMi^ 

.  Xa  fatal  4t  tat  4t  rioglaleer,  il  <tl  4tS4tnl  cat  let  cmclXrltticm  4a  coattal  tl  4a  ckatp 
dterltea  coa4aittal  1  4a  noavceux  roaetfU  four  Ut  alike 4e»  4a  tiaaluiaa  4'aa  tatlroaataaai  (ovdra.  9'ca 
fatal  4t  tat  flat  fcodastoul  tl  f«ar  aet  aeilleurc  ceoprdkension  4«t  ktjolai  4a  tlnuUtloa,  4’aotrat 
iniorauloot  »aat  elcemtio  f«ur  ciraciXritcr  la  cotporteseat  it  I'attaa  pendent  It  pkita  4’alUcktaaal. 

Sackaat  cat  1'ttlea,  Jsttc  mat  l‘laf*cl  4o  fare  tt l  d»at  uaa  coaiigarttion  4  fotaatlal 
llotwni,  11  atl  Xtideot  cat  4<«  OXpltceaealt  4«  ckargot  41«etrtcaei  tar  1*  tltaetart  teal  iatctrtair 
met  tout*  44taetloa  4a  coaraal  oa  4a  ckatp  aagnilicaa  |  ctt  dXpllctseatt  ftattal  4ua  okaerrXt  per  4at 
aaltoatt  toll  4a  typ*  tr,  tell  4t  type  VXf.  Ctt  pkXsotXaat  tonl  illvtltlt  tar  It  Heart  14  cat  corratpond 
1  as  (eodraitxaBl  dtclenekX,  I’m.ve  atl  1  sat  tltitv4<  4t  14400  pledt,  tt  tlleaic  ctt  4t  14  a/t  at  la 
leaplratora  axlXrieure  4a  »  1'C, 

U  courke  (a)  rtprXtearo  I'Xrolulloa  4a  eaaraal  4a  dXekarga,  tt  (arat  4’«a4t  atl  taal  1  tall 
Ideaticue  1  calltt  cat  tlaaaaal  d'iir*  4ieritet.  tat  eoutkat  Ik)  at  lei  raprXaeateat  let  algnaax  44te«l4t 
par  let  antenati  tr  tl  VIT  !  tllet  eoaiatieal  aax  eaaaeatatrcx  tuition  i 

-  oa  okatrte  ua  proeetiat  4a  prXMlucktaeal  aa  potal  0  cut  to  caraet4rlxt  par  ooe  ertoie  tanalieo  do 
ekaap  ir  (104  kY/a)  tl  fir  utt  togaanialioa  Uporunl*  4a  tigstl  direct*  par  1‘taltaat  Y»r  Hoot  reel 
taat  4(uctloa  aoiakl*  4e  coaraal), 

-  tprit  uoe  pkatt  d'siltnie  4a  444  u,  la  44elaackaaent  rXtl  4a  (ou4tol«itat  tppuall  aa  point  X  :  ctlta 
(im  4'altackcacal  ttl  c>racl<rlt<o  par  4<t  Urultioat  xiaaltaaitt  4a  ckatp  »r  tl  4u  coaraal  aiati  »a« 
par  uat  aaeicauiica  aoiakl*  4a  ckltp  YBr, 

•  cotta  pkijc  d'auackcaeal  att  taltla  par  uaa  p4rio4«  correipoodanr  X  uoe  caapotaate  paraaaeaU  du 
courtot  X  liquille  ta  luperposent  4as  iapaltloaa  Isoldes  cat  l'oo  ralrouva  t  li  tola  tur  let  ctpuurt  it 
courtal,  de  chiap  »r  at  da  cktap  YXP. 


4.  COXiEQUncU  XO  PUX  St  LX  IDTJUTZOX 

X/  Siea  qu'aacea  dtt  emit  tur  atioa  a'ait  ait  en  Xvidtnca  da  (aeon  cerutaa  dee  phtnoaines  da 
(oudrolttcat  ealrt  oueet  at  tel  (entires  104  Xtineaentt  rXptrtorlXs  pour  lat  trolt  programs  ccaaut  X  tt 
jour),  11  etl  clair  cat  lat  iXthodei  da  liaulatioa  aa  tol  vitiat  1  reprodulrt  l**oodt  da  ratour"  doitaal 
lira  atialaouas,  Xa  plan  4atrg4tlcat  at  pi'ticuliXrtteat  dace  la  doaaint  dtt  atiait  de  cuiliiicalloa  det 
rXttrrolrs  da  carkurtal  ca  coapoillt  carkooe,  ^application  da  ctlta  onda  it  couront  aajotaa:*  Uigura  4) 
rettara  la  taat  it  sXcuriiX  nXcesttlrt. 

tappelsaa  cot  toutea  Ut  taturaa  ricaaltt  afiectuXei  tur  lat  "ondtt  da  ratour"  aa  coodulteoi  pat  X 
det  kodUicttient  lcpomaur  det  Xcalpeteatt  d  attain  ulilitXt  jutcu'X  aalattaint  ;  oa  paut  touleaent 
tdetttrt  cut  dtt  aodiiicalioat  teroal  prokaLletant  oXcattalrct  at  appliquiat  dint  la  (uiur  au  oiteau  dtt 
tpXcKlctUoaa  du  t«apt  it  toalit  da  It  preside  iapultioa  Uona  XS  de  It  (lsura  X). 

1/  Lat  tttait  atoXt  tur  atioa  oat  ait  ea  leldence  uaa  pkttt  irXt  tpXcilicua  lila  X  la  coaaectioa  de  l'arc 
Xlectricua  tur  la  itreeluct  du  tlhlcult.  CetU  phate  corretpood  X  uaa  itria  d'lapultioat  da  ekaap 
XlactroaagoXtlcua  diliaiat  par  let  partxXlrtt  tuitjntt  s 

-  taleur  crXta  da  8a  :  2  X  1.101  X.a*', 

-  ttltur  crXta  d«  £a  :  1  X  l.lO’Y.u'*, 

-  (rXquence  da  rXpitition  :  enlra  100  el  140  pi  pendant  4  at, 
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general  Introduction 


the  attendees  at  this  Symposium  included  about  taelve  pi  tote  from  various  squaorono 
of  the  Royal  Norwegian  Air  rorce  nho  could  be  expected  to  hove  very  reinvent 
experience  of  operating  in  adverse  envlronaental  conditions.  Ihcae  pilots  were 
therefore  Invited  to  take  part  In  s  specially  organised  discussion  period  in  order  to 
share  their  experiences  in  these  areas  with  the  rest  of  the  Syapoatua  attendees,  and 
try  to  ansaer  their  questions. 

INTRODUCTION 

By  Captain TkQGSIROH  -  Norwegian  Air  force  (flight  Safely  Staff)  i 

On  behalf  of  the  participants  at  This  Symposium,  I  would  like  to  point  out  that  we 
appreciate  all  the  efforts  made  during  the  Symposium  to  present  the  background  of  the 
job  of  flying. 

A  fen  of  the  papers  were  a  bit  too  theoretical  for  us,  but  most  papers  wore  very 
interesting,  in  particular  those  addressing  wind  shear,  nicroburst,  the  Canadian 
Storm  Campaign,  icing  research,  elec* romagnetic  interference.  The  Norwegian 
observers  in  the  audience  ore  members  of  the  Royal  Norwegian  Air  force  i  Pilots  of 
the  P-3  ORION,  SEA-KING  rescue  helicopter,  and  LYNX  helicopters  operating  from 
coast-guard  ships.  These  throe  types  of  aircraft  aro  flying  mostly  over  the  OARCNIS 
Sea,  between  NORWAY  and  SPIU-UCRGEN.  We  also  have  pilots  of  THIN  OIICR  and  OCLl  M2 
Helicopters,  operating  mostly  in  the  Northern  purl  of  Norway,  LOCKIICCO  C-130  IICRCULCS 
which  operate  mostly  in  Nornuy,  but  also  in  the  USA,  CANADA,  CUROPC,  TIIC  MIDDLE  CAST 
and  AfRICA.  Unfortunately,  there  are  no  r-lf,  pilots  present.  We  will  try  to  answer 
all  your  questions. 

*  *  Question  (P.  NCUTON,  UK,  00SC0HGC  D0WN)i  could  you  comment  on  whether  you  had 
operational  problems  when  operoting  the  LYNX  on-board  ships,  in  regard  to 
electromagnetic  interference.  What  are  your  major  operating  problems? 

Answer  (It.  MIKKCISEN),  We  don't  have  any  electromagnet  1 r  interference  problem 
operoting  the  LYNX.  Ihe  major  problems  are  found  during  winter  weather:  heavy 
winds,  anon,  icing. 

2  -  Question  (C.  T.  LANCOON,  UK,  QOSCOHUE  DOWN):  How  do  you  rnsnagt,  to  koep  operating 

niton  you  have  such  a  lot  of  dsrknoss  during  winter  in  Norway?  What  are  the 
Implications  for  using  your  present  equipment? 

Answer  (Lt.  J.  SALVESEN):  Even  in  wintor  time  there  is  some  light;  additionally 
the  Northern  part  of  Norway  is  well  equipped  for  >fR  flight,  which  ia  practiced 
by  helicoptere,  in  darkness;  the  ORION  which  flies  over  the  aoa  does  not  have 
this  problem. 

3  -  Question  (R.  C.  A'HARRAH,  USA):  Tron  your  world-wide  experience  of  the  C-130, 

what  was  the  moat  adverse  flight  environment  encountered? 

Answer  (Capt.  A.  SKOCS(ROH):  According  to  my  experience,  the  worst  cases  are  met 
in  the  USA  with  the  hoovy  cumulo-nimbus  activities,  and  cssociated  turbulence. 

4  -  Comment  (Dr.  J.  A.  MULDER,  The  Netherlands):  We  hove  spoken  o  lot  these  post  days 

about  wind  shear,  down  drafts,  microburst,  etc.  ...  bit,  according  to  my  own 
experience  of  flying  over  Europe,  you  find  hiovy  winds,  turbulence,  crosawinds, 
rain,  of  course,  more  than  wind  shear  such  aa  found  in  the  DALLAS  accident, 
illustrated  by  a  video-film.  In  thousands  of  flying  hours  I  have  never  seen  such 
an  event! 

Answer  (Capt.  A.  SKOCSTROM) :  In  Norway  wo  try  to  teach  our  pilots  to  keep  nwoy 
from  microbursts  and  other  similar  events'  we  have  seen  microburats,  in 
summor-time,  as  heavy  os  you  could  experience  in  the  Mediterranean  or  in  the  USA. 
In  addition,  we  encounter  what  we  nny  call  orogruphic  wind  sheer,  in  the 
mountains. 
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Ceaeont  (It.  J.  S At VCSC N )  i  W«  have  aany  probleoa  xith  turbulence  and  aasoelated 
xindshear,  but  «e  eeldoa  see  doxnburslt  due  to  cuaulo-nisbus  activities  because 
there  are  only  a  few  days  when  mb  encounter  then,  and  In  addition  ae  are  trained 
to  avoid  then. 

5  -  Question  (Capt.  J.  PAYJC  *  lurkeyli  Have  you  any  experience  with  orobteae  of 

fuel  ami  hydraulic  syslena  due  to  adverse  another* 

Answer  (Capt.  A.  SKOGSIROHh  Mo  have  fuel  leakage  probleoa  In  turbulence,  bat  no 
hydraulic  probleoa. 

Anaaer  (tt  IIAtVQRSCN)  i  l  fly  OCU  All  In  the  forth  of  Norway.  Our  first  alJ 
crashed  In  Norway  on  a  day  ahen  the  teepetalurc  tea  -11*  C.  Me  believe  that  It 
say  have  been  a  problea  ailh  the  hydraulics  aya'ca  In  cold  another  that  caused 
the  crash,  but  this  la  still  under  Investigation. 

Cooaent  (Hr.  H.f.  H0ISC1IO  Materiel  Cooaand  of  t’ e  Noratgtsn  Air  I'oreelt 
Ilus  Fast  slateoent  needs  to  be  consented  on.  W«  have  en  on-going  case  alth  OCtt 
helicopter,  end  nobody  knows  today  the  reo  It  -<r  the  investigation,  ahlch  Is 
going  on.  Definitely  leaperetore  hea  soaethlng  n  do  alth  that  crash,  since  It 
lisa  an  effect  on  hydraulic  fluids.  In  general,  h  aevsr  1  don’t  think  that  cold 
aesthsr  has  any  adverse  effect  to  the  extent  that  It  has  an  inpt'Ct  on  safety  of 
flight.  In  Norway  t:e  are  carrying  out.  triala  on  the  f  16 ,  to  cone  to  a  decision  on 

the  use  of  the  non  hydraulic  fluid  Hit  II  0)291  on  all  airctaft  In  Norway. 

Unfortunately,  the  last  winters  in  Norway  More  not  cold  enough  to  reach  the 
expected  -)V  C  (bhe  lowest  teoperature  recorded  *as  -  21*  ,  and  there  le  no 
algnlticant  difference  doxn  to  that  figure).  So  far  xe  have  not  noticed  any 
severe  problea  xith  hydraulics  fluid,  and  therefore  xe  have  not  changed  to  the 
nex  fluid  used  for  instance  in  the  US  Air  Torec. 

6  *  Cnaaent  (Hr.  II.  f.  >10 1  SC  Tit)  t  I  xould  like  to  conoenl  on  vision. 

Re  'lio'bave  a  problea  Mlth  operating  hellcoptera,  and  there  la  a  prograaae  going 
on  to  study  nose  types  of  night  vision  goggles,  xhich  xlll  nost  probably  be  uoed 
in  the  Raya)  Norwegian  Air  force.  Me  have  not  yet  decided  on  the  type  to  use. 

7  •  Question  (J.H.  OUC  •  franco))  Do  you  encounter  operations)  probleoa  at  take-off 

and  lending,  such  as  slush  ingestion  at  take-off  or  slipping  on  icy  surfaces  on 

landing?  Also  have  you  any  evidence  of  the  effects  or  the  Auiore  Doreeita  on 
dlreraft  avionlca/eieclronic  eguipeent? 

Anaxe r  (  Capt.  A.  SK0dSIR0H)i  Operating  on  Icy  surfaces  ney  So  difficult  in 
strong  cross-xind  conditions.  Rsgcrdlng  the  Aurora  Dorsalis,  there  ere  only  very 
einor  effete  on  radio  equlpoent. 

8  -  Question  ().  RUNYAN  -  Doeing,  USA)i  Uhal  type  of  de-icing  or  enti-lclng  fluid 

do  you  use.  Mhat  has  been  your  experience  xith  these  fluids. 

Answer  1  (Capt.  A.  SKQCSIR0H)i  Me  use  “type  2"  de-icing  fluid  called 
“Klll-f R0ST“.  1  have  no  bad  experience  with  it,  if  you  use  the  right  alxture  for 
the  teoperature. 

Answer  2  (tt.  H.  VCSICRCN)i  flying  the  IM1N  011CR  in  North  Norway,  xe  ney 
encounter  onox  ihot  no  de-icing  fluid  or  mixture  can  take  axoy,  and  therefore  xe 
can’t  take  off  with  e  lot  of  onox  on  the  wings. 

Answer  )  (tt.  J.  SALVCSCN)i  On  the  P-J/0RI0N  ahen  there  is  heavy  snow  xe  keep  the 
aircraft  inside  the  hangar  for  as  long  as  possible  before  expected  take-off.  Me 
take  it  out  of  the  hangar  in  order  to  have  tiae  to  anti  ice  it,  and  xe  take  off 
as  noon  as  possible  afterwards,  especially  when  the  teopersturn  is  close  to  0*C. 
Out  it  is  true  that  we  have  aany  difficulties  when  heavy  anox  falls  are  present. 

9  •  Question  (0.  KEY,  USA).  1  wonder  what  your  experience  Is,  in  the  Royal  Norwegian 

Air  force,  of  aircraft  lightning  strikes,  and  in  osrtlcuisr  tit  whet  outside  sir 
teapereture  they  are  occurring? 

Answer  1  (Capt.  A.  SK0CSTR0H)i  In  the  Northern  Port  of  Norway,  in  wlnter-tiae  xe 
experienced  e  lot  of  lightning  strikes,  soee  years  ago,  but  we  learnt  to  keep 
axoy  from  the  clouds  xhich  generate  strikes. 

Answer  2  (It.  J.  SALVESCN):  1  have  been  in  tbs  Royal  Norwegian  Air  force  for  five 
years  now;  I  have  experienced  one  lightning  strike!  thonks  to  the  new  procedure 
we  have  had  no  lightning  strikes  for  three  years:  « ten  xe  had  lightning  strikes 
earlier  there  hos  none  doaage  to  the  structure,  especially  the  aagnetlc  detector, 
xhich  is  a  plastic  boon,  banana  shaped;  xe  also  hod  none  probloaa  xith  the 
antennas,  but  nothing  serious. 

Anaxer  3  (Cnpt.  A.  SK0GSTR0H)t  Ouring  the  ten  yosra  thst  1  have  boen  flying  the 
(5^i3(),  1  Just  have  had  J  la  A  iiqhtning  strikos  with  thot  aircraft,  but  as  1  said 
no  learnt  to  keep  out  of  this  special  environnent. 
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10  -  Cpaagnj  (Hr.  H,f.  HOtSCUOi  Speaking  oh  behslf  of  the  fighter  pilots,  sines  none 

or  IhFo  nets  sbte  to  attend  thU  «eeting,  I  want  to  usntion  the  bad  experience 
ms  bad  with  an  rUti*.  was  a  build  up  or  static  electricity  on  the  ttansparenl 
part  of  the  ca.'opy,  And  e  very  strong  discharge  inside  the  cockpit  libs 
lightning,  between  the  canopy  snd  th*  heleet  of  the  pilot.  In  fact  thia  has 
been  experienced  by  several  pilots  flying  the  f  U  in  Curepe.  therefore,  all  F14 
ere  new  grounded  for  the  lies  to  laprove  the  design  end  grounding  of  the 
transparent  surface  of  the  canopy. 

11  •  fius»JLl£!l  fC.  16HR1NS,  AfftC,  Cdeerds  AF6,  USMr  Have  you  any  corrosion  problons 

TTylng  aircraft  so  close  to  sail  water? 

*n*«eri  (hr.  H.f.  HOlStiHlt  Not  realty!  eorreelen  in  Norway  Is  far  less  severe 
than,  (or  instance,  in  central  turepe,  and  operating  eUae  to  the  ocean  doea  not 
seen  to  raise  s  problem,  this  is  Probably  due  to  lo"  teaperature,  which  la  nore 
laportsnt  than  closeness  to  the  sea.  (Jut  of  cov.se,  t  oust  point  out  that  we 
tabs  great  care  to  beep  our  aircraft  In  good  aha'*. 

13  -  guasyon  (Cspl.  1.  PAY2C,  lurbeylr  Could  you  tell  us  shout  operating  your  rescue 
hslieopierS  *UH  respect  to  wine,  teaperature  and  visibility.  Vhen  do  you  have 
to  caneel  operations  In  Norway? 

Answer  (It,  II.  AKOCRStH,  fro«  Bode  Mr  Station).  It  ell  depends  on  the  nlssien. 
TsTi  a  narrow  fjord,  or  far  frew  the  rir  base?  Ihere  arc  flying  Donations 
depending  on  the  pilot,  and  the  oisslen. 

1)  -  Canaan!  (it.  J.  HAlvORSCN/BCll  4118)1  I  want  to  address  darbness  and  Icing, 
let’s  tabs  Icing  first! 

In  the  North  of  Horuay  you  nay  enceunln  a  special  bind  or  Icing,  due  to  the 
warn  sea  current  un  the  western  coast,  '.tilth  produces  wolsture  of  the  air.  Cven 
In  clear  sby,  without  clouds,  with  teeperatures  frow  -10  to  >1?  you  can 
encounter  Icing  because  this  oolst  sir  freezes  on  the  rolorblades. 

Let’s  tabs  flying  In  darbnesai 

I  he  probleo  la  that  you  cannot  see  the  showers  and  the  clouds  producing  then, 
this  is  the  biggest  problem  but  when  the  sby  le  clear,  the  snow  reflects  a  lot 
of  light,  and  It  le  not  difficult  to  fly  at  woderate  altitudes,  of  the  order  of 
JOQft  above  the  terrain. 


CLOSING  Bf MARKS 

At  the  end  of  this  dissuasion  period,  Professor  SCMACNKR,  for  the  technical 
Prograwoe  Conoitlee,  said  that  In  hie  view  this  had  been  a  worthwhile  and  inforinatlve 
discussion  period.  It  was  particularly  appropriate  to  have  had  the  positive 
Invelveaent  of  attendees  fro»  the  ’heal’  country  and  he  greatly  thanked  the  Norwegian 
pilots  for  this  contribution  to  the  Syoposiua. 
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14.  Abstract 


lltcse  proceedings  contain  the  papers  presented  at  tlte  AGARD  Right  Mechanics  Panel 
Symposium  on  Rigid  in  Adverse  Environmental  Conditions  held  in  Go),  Norway  from  K  to  1 1 
May  1989. 

Although  AGARD  has  continued  to  be  active  in  the  various  fields  of  (light  in  adverse 
environmental  conditions  it  was  considered  to  be  important  and  timely  to  review  the  subject  in  a 
wider  forum  such  ns  a  Symposi am. 

Four  aspects  of  advetse  environmental  conditions  of  interest  to  the  flight  mechanics  specialist 
were  addressed  by  this  Symposium;  atmospheric  disturbances,  reduced  visibility,  icing,  and 
electromagnetic  disturbances.  Ail  four  of  these  on  seriously  affect  flight  safety,  comfort,  and 
operational  capability. 


Tlte  topic  was  considered  to  be  particularly  relevant  to  the  needs  of  the  military  community  which 
is  putting  increased  emphasis  on  the  ability  of  today's  and  tomorrow’s  aircraft  to  fly  safely  and 
effectively  in  types  of  adverse  conditions  dealt  with  in  this  symposium. 
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